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ABSTRACT 
 
Kirandeep K Dhami Ph.D., Environmental Sciences Ph.D. Program, Wright State 
University, 2012. Among locus heterogeneity in genetic diversity and divergence in 
two pairs of duck species (Genus: Anas). 
 
Genetic diversity and divergence at a locus are the result of interactions among the 
fundamental evolutionary forces of mutation, genetic drift, gene flow and natural 
selection. Variation in the strength of these forces can cause high heterogeneity in 
diversity and divergence across the genome. The overall objective of this thesis was 
to examine the role of population history vs. selection in generating het erogeneity in 
genetic diversity and differentiation.  
In Chapter 1, I examine the role of dispersal behavior in causing genetic 
differentiation and population structure within and between two morphologically 
distinct Australian duck species that differ in ecology and life history characteristics. 
A five-locus nuclear dataset revealed nearly no divergence and similar values of 
genetic diversity between species. However, as predicted, I found significant 
population structure in the sedentary chestnut teal (Anas castanea) but no structure 
within the vagile grey teal (A. gracilis).  
In Chapter 2, a more rigorous examination of differentiation among nineteen 
autosomal loci also failed to uncover a genetic distinction between these two species. 
However, DNA sequences from seven loci sampled from the Z-chromosome revealed 
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strong differentiation between chestnut and grey teal. Furthermore, the most 
divergent loci are clustered on the shorter p-arm of the chromosome, close to the 
centromere, suggesting this region as an island of differentiation that may have been 
important in the speciation process. These two species of Australian teal are perhaps 
the most recently diverged taxa examined to date that reveal a large Z-effect. 
In Chapter 3, I quantitatively tested the contribution of gene flow and 
introgression to the heterogeneity of genetic diversity and differentiation in two 
deeply divergent taxa, the falcated duck (A. falcata) and the gadwall (A. strepera). 
Consistent with previously published mitochondrial DNA analyses, 19 nuclear loci 
revealed the introgression of nuclear DNA from the falcated duck into the allopatric 
population of gadwall in North America, but not into the sympatric population in 
Eurasia. Furthermore, gene flow was insufficient to explain the high heterogeneity in 
genetic diversity in both species and differentiation between the taxa. Indeed, this 
heterogeneity failed to fit neutral models of population history, suggesting that 
selection may be having a pervasive effect throughout the genome.  
Overall, this research reveals heterogeneous patterns of diversity and 
differentiation among nuclear loci in both early and later stages of divergence. Gene 
flow alone could not explain this heterogeneity, suggesting a prominent role of 
selection. Substantial divergence at some loci suggests that the strength of divergent 
selection overrides the homogenizing effects of gene flow and maintains species 
integrity.  
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AMONG-LOCUS HETEROGENEITY IN GENETIC DIVERSITY AND 
DIVERGENCE IN TWO PAIRS OF DUCK SPECIES (GENUS: ANAS) 
 
During the speciation process, incipient species gradually become more 
differentiated with time, largely through the independent effects of mutation a nd 
genetic drift in each population. Any ongoing gene flow will counter these forces and 
result in greater homogenization of the genomes, slowing speciation. However, these 
forces do not necessarily act uniformly across the genome, because natural selection 
can either inhibit or elevate the rate of divergence for some loci. Two processes can 
contribute to faster divergence for some loci: differential introgression or divergent 
selection. In this thesis, I examine the roles of these processes in two pairs of  Anas 
spp. of ducks, which differ in their depths of divergence, by sequencing DNA 
sampled from a genomic transect.   
Introgression, or interspecific gene flow, is the penetration of alleles from one 
species to the gene pool of the other through interspecific mating and subsequent 
backcrossing of the hybrids into parental populations. This mechanism of exchange 
of genes between species can be pervasive and important to the maintenance of 
genetic variation. Geographically, introgression could be restricted by dispersal 
potential of the species, and genomically it could be restricted by mating preferences, 
fitness of hybrids and selection. This irregularity in introgression can therefore cause 
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heterogeneous patterns of inter-specific allele sharing and intra-specific genetic 
variation. Introgression between species varies on three scales during the process of 
speciation; temporally, geographically and genomically. Temporally, gene flow can 
be ongoing between diverging taxa before reproductive isolation or hybrid sterility 
evolves. Hybrids birds can be fertile for 7–17 million years after divergence and only 
become completely inviable after 11–55 million years of divergence (Price and 
Bouvier, 2002). However, the proportion of viable hybrids decreases with an 
increase in genetic divergence (Mallet, 2007). Geographically, the extent of 
introgression at a marker strongly depends upon shared breeding ranges between 
hybridizing taxa or the species ability to disperse. High dispersal capabilities can 
overcome barriers imposed by geography (that can potentially restrict introgression) 
and could prevent genetic structuring between diverging taxa. Genomically, 
introgression across semi-permeable species boundaries can vary among loci for 
three reasons: sex-biased dispersal, Haldane’s rule and selection.  
Sex-biased dispersal is an important life history trait that has implications in 
regulating intraspecific gene flow and genetic structure. Differences in dispersal 
behavior between the sexes can cause variance in patterns of genetic structure for 
loci with different modes of inheritance. For example, when males are the dispersing 
sex, the maternally-inherited mtDNA will be more structured than biparentally-
inhertited nuDNA. On the other hand, no or weak genetic structure at mtDNA is 
expected in the case of female-biased dispersal.  
Hybrid viability and fitness can also cause differential introgression among 
markers with different modes of inheritance. Haldane (1922) proposed a rule that the 
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heterogametic sex of hybrids has a higher tendency to suffer inviability or sterility, 
which has been shown empirically for several pairs of species (e. g., Presgraves, 
2002; Price and Bouvier, 2002). In female heterogametic taxa (such as birds and 
butterflies), reduced fitness or inviability of female hybrids restricts introgression at 
the maternally inherited mtDNA, whereas in male heterogametic taxa (such as 
mammals and flies), reduced fitness of male hybrids restricts the introgression of the 
Y-chromosome. These expectations have been supported in a wide array of 
taxonomic groups (Cianchi et al., 2003; Carling and Brumfield, 2008; Storchova et 
al., 2010). 
Although introgression has the potential to completely homogenize the 
genomes of speciating taxa before reproductive isolation evolves, divergent selection 
can inhibit gene flow at genomic regions that demarcate species (Nosil et al., 2009) 
resulting in elevated divergence in those regions. Such regions of strong 
differentiation are spread throughout the genome in both autosomal and sex-
chromosomes (Ellegren, 2012). However, evidence suggests that these outliers are 
disproportionately linked to the Z-chromosome in birds, presumably owing to 
hemizygosity in the heterogametic sex, low recombination, and linkage of traits 
involved in sexual selection (Backstrom et al., 2010), which implies a strong role of 
selection in inhibiting introgression and driving divergence. Genomic variation in 
introgression and divergence resulting from selection leads to heterogeneous pattern 
of differentiation and diversity across the genome.  
While the interaction between divergent selection and introgression favors 
elevated divergence at some loci, positive selection can prevent loss in diversity and 
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inhibit divergence at other loci by selectively spreading alleles between populations 
and reducing the loss of alleles through drift (Bachtrog et al., 2006; Currat et al., 
2008). Therefore, selection may favor the introgression of beneficial alleles at some 
loci but prevent gene flow at other loci, causing heterogeneous diversity across the 
genome (Tajima, 1989; Charlesworth, 1997; Schluter, 2001; Nordborg et al., 2005; 
Postma and Noordwijk, 2005; Storz and Kelly, 2008). A multi-locus approach could 
help elucidate the role of various demographic or genomic forces in the among -locus 
heterogeneity of genetic diversity and differentiation within and between taxa.  
 
In this study, I examine the heterogeneity of genetic diversity and divergence 
by sampling multiple loci, each linked to a different chromosome (a genomic 
transect; Peters et al. 2012). In chapter 1, I examine the influence of dispersal 
behavior on spatial patterns of genetic structure and gene flow in two species of 
Australian ducks that are morphologically, behaviorally, and ecologically well -
differentiated, but have nearly zero net-divergence in mtDNA . In chapter 2, I more 
rigorously examine the differentiation between these two species by adding more 
loci, and I test for a large contribution of the Z-chromosome in the early stages of 
speciation. Finally, in chapter 3, I examine a pair of hybridizing species with a deep 
divergence, and I quantitatively test the contribution of gene flow and introgression 
to the observed patterns of among-locus heterogeneity.  
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CHAPTER I. MULTILOCUS PHYLOGEOGRAPHY OF AUSTRALIAN TEALS 
(ANAS SPP.): A CASE STUDY OF THE RELATIONSHIP BETWEEN VAGILITY 
AND GENETIC STRUCTURE 
 
Abstract– Biogeographic barriers potentially restrict gene flow but variation in 
dispersal or vagility can influence the effectiveness of these barriers among different 
species and produce characteristic patterns of population genetic structure. The 
objective of this study was to investigate interspecific and intraspecific genetic 
structure in two closely related species that differ in several life -history 
characteristics. The grey teal (Anas gracilis) is geographically widespread 
throughout Australia with a distribution that crosses several recognized 
biogeographic barriers. The species has high vagility as its extensive movements 
track broad-scale patterns in rainfall. In contrast, the closely related chestnut teal (A. 
castanea) is endemic to southeastern and southwestern regions of Australia and is 
more sedentary. I hypothesized that these differences in life-history characteristics 
would result in more pronounced population structure in the chestnut teal. I 
sequenced five nuclear loci (nuDNA) for 49 grey teal and 23 chestnut teal and 
compared results to published mitochondrial DNA (mtDNA) sequences. I used 
analysis of molecular variance to examine population structure, and applied 
coalescent-based approaches to estimate demographic parameters. As predicted, 
chestnut teal were more strongly structured at both mtDNA and nuDNA (Φ ST = 0.163
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 and 0.054, respectively) than were grey teal (ΦST < 0.0001 for both sets of loci). 
Surprisingly, a greater proportion of the total genetic variation was partit ioned 
among populations within species (ΦSC = 0.014 and 0.047 for nuDNA and mtDNA, 
respectively) than between the two species (ΦCT < 0.0001 for both loci). Coalescent 
analyses suggested a late Pleistocene divergence between the taxa, but a remarkable 
deeper divergence between the southeastern and southwestern populations of 
chestnut teal. I conclude that dispersal potential played a prominent role in the 
structuring of populations within these species and that divergent selection 
associated with ecology and life history traits likely contributed to rapid and recent 
speciation in this pair. 
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INTRODUCTION 
 
Natural barriers that divide a population and potentially restrict movements 
among distinct regions (biogeographic barriers) can strongly influence populat ion 
genetic structure in many taxa, but the effectiveness of these barriers varies between 
species and taxonomic groups. High vagility in some species can result in gene flow 
between otherwise disjunct populations or regions. Furthermore, as climates change, 
present and past rates of exchange across biogeographic barriers likely vary among 
species depending upon species-specific life-history characteristics. Here, I explore 
further the role of life-history traits and dispersal in determining genetic structure 
across biogeographic divides by examining multilocus population structure in two 
closely related species of Australian ducks (Anas spp.) that differ in important life-
history characteristics.  
Australia is predominantly arid (Hutchinson 2005, Morton et al. 2011) with 
22 putative biogeographic barriers (Schodde and Mason1999), which have been 
hypothesized to have genetically structured populations by restricting gene flow 
(Degnan and Moritz 1992, Driskell et al. 2002, Joseph and Wilke 2006; Dolman and 
Joseph 2012). Phylogeographic studies have documented the role of these barriers in 
structuring the continent’s birds (reviewed in Joseph and Omland 2009, also see 
Donnellan et al. 2009, Dolman and Joseph 2012). However, mobility is a key 
survival strategy for many species that occupy the arid interior of the continent, and 
many species move freely across landscapes that may be inaccessible or inhospitable 
to others. Movements occur in response to weather events (Reside et al. 2010),  as 
observed in waterbirds (Roshier et al. 2008, Kingsford et al. 2010), or as a search 
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strategy to locate scarce resources, as has been observed in parrots (Blyth and 
Burbidge 1997, Forshaw 2002), honeyeaters (Keast 1959, Symonds et al. 2006) and 
others (review in Schodde 1982, Symonds and Johnson 2006, Woinarski 2006). 
Thus, dispersal and its controls, whether physiological, genetic or ecological, are 
important countervailing forces to population divergence, and I can expect more 
prominent population structuring in species with low or infrequent movements 
relative to more vagile species.  
In this study, I present a phylogeographic analysis of the two Australian teal 
species, which are both distributed on either side of the Nullarbor Plain and its 
fringing xeric woodlands in southern Australia. This composite barrier, coupled with 
the Great Australian Bight, divides the distributions of many species into disjunct 
eastern and western populations (Crisp and Cook 2007, Byrne et al. 2008). For 
example, most sedentary bird species of southern Australian mesic habitats such as 
the musk duck (Bizura lobata), scarlet robin (Petroica boodang), and various 
Melithreptus honeyeaters are genetically differentiated across eastern and western 
Australia (Guay et al. 2010, Toon et al. 2010, Dolman and Joseph 2012). However, 
other birds of more xeric habitats (e.g., the singing honeyeater, Lichenostomus 
virescens, spiny-cheeked honeyeater, Acanthagenys rufogularis, and black-faced 
woodswallow, Artamus cinereus) have widespread inland distributions that cross 
several potential barriers and lack pronounced phylogeographic structure between 
eastern and western populations (Joseph and Wilke 2007). The wider distributions of 
these birds across xeric habitats likely reflect fewer ecological or physiological 
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constraints on their distribution, and their vagility promotes gene flow and inhibits 
genetic divergence.  
The grey teal (Anas gracilis) is among the most widely distributed ducks in 
Australasia, whereas the chestnut teal (Anas castanea) is endemic to southeastern 
and southwestern Australia. The breeding distributions of both species are divided 
into disjunct eastern and western distributions, but grey teal range much more widely 
(Fig. 1.1). Grey teal are highly vagile and can move thousands of kilometers, 
including between southeastern and southwestern Australia (Frith 1962, 1963). This 
species responds to environmental cues associated with rainfall and flooding (Frith 
1959, 1962, 1963, Kingsford and Norman 2002, Roshier et al. 2008), and satellite 
tracking has shown that they can move hundreds of kilometers within a few hours 
and as much as 4000 kilometers in a year (Roshier et al. 2006, 2008). In contrast, 
chestnut teal are more sedentary and are at their highest densities in estuarine 
habitats (Frith 1967, Norman and Brown 1988). In addition to differences in life -
history traits, chestnut teal and grey teal are morphologically di fferentiated. Male 
chestnut teal have bright, colorful plumage, whereas both sexes of grey teal have 
drab-grey plumage similar to, but slightly lighter than, the female chestnut teal (Frith 
1967, Johnsgard 1978, Marchant and Higgins 1990). Despite these di fferences and 
significant population structure in chestnut teal, the two species are genetically 
indistinguishable at mitochondrial DNA (mtDNA) having nearly zero net divergence 
(Sraml et al. 1996; Joseph et al. 2009). This lack of mitochondrial divergence 
suggests that grey and chestnut teal either diverged so recently that there has been 
insufficient time for lineage sorting to result in species-specific lineages (see Omland 
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et al. 2006), or that these species hybridize at a sufficient rate to prevent lineage 
sorting. On the basis of mtDNA, neither of these hypotheses could be rejected 
although the former was favored as more likely (Joseph et al. 2009).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Geographic ranges of chestnut teal (A) and grey teal (B). Light shading 
indicates the known breeding distribution; dark shading indicates the additional non -
breeding range. Filled circles mark the sampling locations of each species and the 
arrows indicate the positions of arid barriers in southern Australia that formed during 
the Pleistocene (1-Nullarbor, 2-Murchison, 3-Eyrean, 4-Mallee). Open circles 
enclose the chestnut and grey teal samples sequenced from the southeast (SE), 
southwest (SW), northeast (NE) and northwest (NW) regions of Australia and 
Tasmania (TAS). Four grey teals from mid-western (MW) Australia, Papua New 
Guinea (PNG), and Tasmania (TAS) were not grouped into regions.  
Figure 1 
 
The purpose of this study was to apply a multilocus approach to test for 
genetic structure between eastern and western populations of chestnut and grey teal. I 
hypothesized that their life-history differences restrict gene flow in chestnut teal 
relative to grey teal and result in more prominent population structuring in the 
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former. I evaluated genetic differentiation at six independent markers and applied a 
coalescent-based approach to infer levels of gene flow within and between these 
Australian teal species. 
                                 MATERIALS AND METHODS 
  
DNA sequencing  
 
The chestnut teal and grey teal were sampled from widespread locations throughout 
their respective distributions (Fig.1.1). For nuDNA sequencing, the sampling 
includes all 22 chestnut teal and 33 of the 50 grey teal samples used in Joseph et al. 
(2009) and 16 new grey teal and one chestnut teal. Sampling details are given in 
Joseph et al. (2009) for most samples; new samples included cryofrozen tissue 
samples (N = 1 chestnut teal) and blood stored in 70% or higher ethanol (N = 16 grey 
teal). DNA was extracted using a DNeasy Tissue & Blood Kit (Qiagen, Valencia, 
CA). I also included mtDNA control region sequences obtained from Joseph et al. 
(2009) and from five additional museum skins of chestnut teal that were collected in 
southeastern Australia in the 1960s and 1970s for a total of 65 grey teal  and 28 
chestnut teal.  
For each individual, I sequenced five non-coding regions of nuclear DNA: 
intron 7 from ornithine decarboxylase (ODC1; 324 bp; OD7.F: 
GCTGTGTGTTTGATATGGGAGT, OD8.R: TGAAGCCAAGTTCAGCCTAA; 
Peters et al., 2008), intron 8 from α-enolase (ENO1; 280 bp; ENO.F: 
CGCGATGGAAAGTATGACCT, ENO.R: CCAACGCTGCCAGTAAACTT; Peters 
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et al., 2008), intron 9 from phosphenolpyruvate carboxykinase (PCK1; 324 bp; 
PCK1-9.F: CAGCCATGAGATCTGAAGCA, PCK1-9.R: 
TTGAGAGCTGGCTTTCATTG; McCracken et al., 2009), intron 7 from fibrinogen 
beta chain (FGB; 401 bp; FGBF: GTTAGCATTATGAACTGCAAGTAATTG, 
FGBR: TTTCTTGAATCTGTAGTTAACCTGATG, Peters et al., 2012), and intron 
11 from the N-methyl-D-aspartate-1-glutamate receptor (GRIN1; 313 bp; GRIN1-
11.F: CTGGTGGGGCTGTCTGTG, GRIN1-11.R: ACTTTGAASCGKCCAAATG; 
McCracken et al., 2009). Each intron is linked to a different chromosome in the 
chicken (Gallus gallus) genome (Peters et al. 2012), and therefore assumed to be 
independent. Each locus was amplified using PCR following McCracken et al. 
(2009) and were cleaned using AMPure XP beads following the Agencourt protocol 
(Beckman Coulter Co.). I sequenced PCR products using the BigDye v. 3.1 
Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA). Automated 
sequencing was performed on an ABI 3730 at the DNA Sequencing Facili ty on 
Science Hill, Yale University, CT.  
I  aligned and edited the sequences using Sequencher 4.1 (Gene Codes, Ann 
Arbor, MI) and used the software PHASE 2.1 (Stephens et al. 2001, Stephens and 
Donnelly 2003) to determine the gametic phases of sequences that were 
heterozygous at more than one nucleotide position. PHASE input files were 
generated in the program SEQPHASE (Flot 2010). 
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Population Genetic Analyses 
 
I used a hierarchical analysis of molecular variance (AMOVA) to quantify the 
partitioning of genetic variation between the species and among different populations 
using Arlequin vers. 3.5.1.2 (Excoffier and Lischer 2010).  To designate populations, 
I defined five geographic regions: northeast, southeast, southwest, northwest, and 
Tasmania, and all the individuals of a species from one defined region were pooled 
to form a single group (Fig. 1.1). Four grey teal individuals did not fit into these 
groupings (see Fig. 1.1). I calculated ΦST to test for interspecific and intraspecific 
genetic differentiation using Arlequin; significance (P < 0.05) was determined using 
10,000 permutations. For this analysis, I used genotypic data from all loci in a single 
analysis. However, to test the hypothesis that populations of chestnut teal are more 
differentiated than grey teal, I repeated the AMOVA for each species in separate 
analyses to obtain an average ΦST among populations for each locus. I then compared 
these values between species using a paired t-test that treated each locus as an 
independent estimate of population structuring.  
For each locus, I computed allelic richness (standardized to the smallest 
sample size of 46) using the RAREFACTION CALCULATOR (University of 
Alberta, Canada; http://www2.biology.ualberta.ca/jbrzusto/rarefact.php) and 
nucleotide diversity (the average number of pairwise differences within a species) 
using Arlequin (Excoffier and Lischer 2010). Each measure of genetic variation was 
compared between chestnut and grey teal using a paired t-test. I also used Arlequin 
to calculate locus-specific values for Tajima’s D (Tajima 1989a, b), a measure of the 
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relative numbers of high- and low-frequency polymorphisms. A negative D indicates 
an excess of low-frequency polymorphisms, suggesting a population expansion or a 
selective sweep. In contrast, a positive D indicates a paucity of low-frequency 
polymorphisms, suggesting a bottleneck or the influence of balancing selection.  
To test for the independence of nuclear loci, I tested for linkage 
disequilibrium (LD) among all pairs of loci using a likelihood ratio test (Slatkin and 
Excoffier 1996) in Arlequin. Significance was tested with 10,000 permutations and 
10 starting conditions. Finally, I constructed haplotype networks using the median-
joining algorithm in NETWORK ver. 4.1 (Bandelt et al. 1999). 
Coalescent Analysis 
 
I used the coalescent program IMa2 (Hey 2010) to infer aspects of population 
history for the two Australian teal. This program uses Bayesian Markov Chain Monte 
Carlo (MCMC) simulations to estimate six population parameters, scaled to the 
mutation rate µ, by fitting the data to an isolation-migration model. Demographic 
parameters include effective population sizes of the ancestral (ӨA = 4NeAµ where NeA 
is the ancestral effective population size) and each daughter population (Ө1 = 4Ne1µ 
and Ө2= 4Ne2µ, where Ne1 and Ne2 are the effective population sizes of grey teal and 
chestnut teal, respectively), time since divergence ( t = Tµ, where T is the time since 
divergence in years before present), and effective migration rates (M1 = m1/µ, where 
m1 is the immigration rate into grey teal from chestnut teal, and M2 = m2/µ, where m2 
is the migration rate into chestnut teal).  
IMa2 assumes no recombination, and therefore phased data were tested for 
intra-locus recombination using a four-gamete test in DnaSP vers. 4.10.9 (Rozas et 
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al. 2003). For loci that had evidence of recombination (ENO1, ODC1, and GRIN1), I 
used the program IMgc to choose a fragment of DNA that was consistent with no 
recombination by removing individuals and/or base pairs (Woerner et al. 2007). I 
iteratively adjusted the chromosome weight so that a maximum of 5% of sequences 
were removed from each data set (i.e., I preferentially truncated sequence length over 
removing copies).  
I ran three models in IMa2. Given the results of the AMOVA and pairwise 
ФST values, I treated grey teal (GT) as a single panmictic population and subdivided 
chestnut teal into southeastern (CTse; including Tasmanian samples) and 
southwestern populations (CTsw; see Results). I then conducted each of the three 
pairwise comparisons in separate analyses (i.e., GT vs. CTse; GT vs. CTsw; CTse vs. 
CTsw). (Note that I attempted a model that included all three populations, but IMa2 
was unstable with these data.) I used an HKY (Hasegawa-Kishino-Yano) model of 
mutation for FGB, ODC1, and PCK1, and an infinite sites model for GRIN1 and 
ENO1. I first ran the program to set appropriate upper priors for each parameter. 
Metropolis coupling was invoked and mixing of Markov chains was assessed from 
autocorrelations and effective sample sizes (Effective Sample Size >50). I sampled 
parameters and genealogies every 50 steps and ran the program for more than 
5,000,000 steps. To improve mixing, I ran thirty-nine heated chains and a cold chain 
using a geometric heating scheme. To test for consistent results across multiple runs, 
I ran IMa2 three times under identical conditions but with different random number 
seeds; all runs converged on the same stationary distributions.  
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To calculate biologically informative values from the population parameters 
estimated in IMa2, I calculated a generation time, G, using the equation G = α + (s/(1 
− s), where α is the age of maturity and s is the expected adult survival rate (Saether 
et al. 2005). I defined α as one year, and s as 0.552 based on band-recovery data for 
grey teal (Halse 1993). These values suggested an average generation time of about 
two years. I also used the geometric mean of substitution rates among five loci (1.2 
x10
-9
 substitutions/site/year) from Peters et al. (2008). This calibration is based on 
the duck-goose divergence and fossil evidence suggesting that the major lineages of 
anatids likely diverged by the end of the Oligocene (Peters et al. 2007; see also 
Worthy and Lee 2008). Because IMa2 scales all parameters to the mutation rate per 
locus, I multiplied the per site rate by the average length of fragments included in the 
analysis (308 bp) for an average rate of 3.7 x 10
-7
 substitutions/locus/year. 
I also tested grey teal, southeast and southwest chestnut teal for evidence of 
population expansion in LAMARC vers 2.1.8 (Kuhner, 2006) by simultaneously 
estimating Ѳ and exponential growth rates, g (where, Ne(t) =Ne(0)exp
-gt
, where Ne(0) 
is the current effective population size, and Ne(t) is the effective population size at 
time t). I also jointly estimated recombination rates. I  used the Felsenstein 84 model 
of substitution (ti:tv= 3.0; the average ratio among loci) and ran the program for a 
burn-in of 2,000,000 generations and sampled a total of 20,000 samples every 1,000 
generations. LAMARC scales the estimated parameters to the substitution rate per 
site (µ). 
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RESULTS 
 
Genetic Variation 
 
Among the five nuclear loci, chestnut teal and grey teal had comparable nucleotide 
diversity (Table1.1) ranging between 0.0016 and 0.0164 within grey teal (mean = 
0.0077) and 0.0006 and 0.0176 within chestnut teal (mean = 0.0076). Nucleotide 
diversity did not differ significantly between the two species (paired t-test, t = -0.07, 
df = 4, P = 0.94). The number of alleles observed was not directly comparable 
between species, because the sample size of grey teal (N > 90 alleles) was nearly 
twice the sample size of chestnut teal (N = 46 alleles). Standardizing allelic richness 
for grey teal to an N of 46, allelic richness did not differ significantly between the 
two species (t-test, t = 1.03, df = 4, P = 0.35).  
Values of Tajima’s D for each species did not differ significantly from zero 
for any locus, except PCK1 in grey teal (P = 0.020; Table 1.1), suggesting that 
overall, these loci are consistent with neutral evolution. None of the pairs of loci 
showed any evidence of significant LD within grey or chestnut teal populations ( P > 
0.12), except that ODC1 and PCK1 showed weak linkage in grey teals ( P = 0.04). 
With twenty pairwise comparisons, I would expect one pair to deviate significantly 
by chance alone, and therefore, I treat each locus as being independent.  
 
Table 1 
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Table 1.1 Measures of genetic diversity and Tajima’s D within chestnut teal (CT) 
and grey teal (GT) at five nuclear introns and the mtDNA control region. For grey 
teal, allelic richness (+ StDev) standardized to a sample size of 46 sequences (the 
sample size for chestnut teal) is given in parentheses.  
 
 
  Nucleotide 
diversity 
Number of alleles Tajima’s D 
Locus Fragment 
Length (bp) 
CT GT CT GT CT GT 
FGB 396 0.0042 0.0045 11 14  
(10.7+ 1.3) 
-0.85 
-1.12 
ENO1 280 0.0040 0.0052 7 11 
(9.0+1.0) 
-0.78 
-0.94 
GRIN1 313 0.0110 0.0099 21 23 
(16.9+1.7) 
0.38 
0.60 
PCK1 324 0.0006 0.0016 3 7  
(6.8+ 1.1) 
-1.00 
-1.63* 
ODC 324 0.0164 0.0176 10 20 
(15.2+1.5) 
-0.06 
0.84 
mtDN
A 
609 0.0132 0.0141 20 47 
(41.3+1.4) -0.59 
-0.98 
*P = 0.020 
The allelic networks for each of the five nuclear loci revealed many alleles 
that were shared between the two species relative to species-specific alleles (Fig. 
1.2). In general, only the common alleles in the grey and southeastern chestnut teal 
were shared with the southwestern chestnut population. Southwestern chestnut teal 
generally lacked derived alleles.  
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The hierarchial AMOVA suggested that the two species were not genetically 
differentiated at either nuDNA (ΦCT < 0.0001) or mtDNA (ΦCT < 0.0001; Table 1.2). 
Differences among populations within groups (Φsc), however, explained a 
significant proportion of the total variation at both mtDNA (Φsc = 4.7%; P = 0.046) 
and nuDNA (Φsc = 1.4%; P = 0.014). Using an AMOVA for each species separately 
revealed significant differentiation among chestnut teal populations at both marker 
types (mtDNA, ΦST = 0.164, P = 0.001; nuDNA, ΦST = 0.054, P = 0.003) but not 
among grey teal populations (ΦST < 0.0001 for both mtDNA and nuDNA, P > 0.6). 
 
Figure 1.2 Unrooted 
parsimony networks for five 
nuclear loci. Given the 
results of population 
structure, all four grey teal 
populations are lumped 
together (GT, black; N = 42–
49 individuals), southeastern 
and Tasmanian chestnut teals 
are grouped (CTse, grey; N = 
17 individuals), and 
southwestern chestnut teal 
are treated separately (CTsw, 
white, N = 6 individuals). 
Each circle represents a 
different allele and the area 
of the circle is proportional 
to the sample size for that 
allele; the length of branches 
between alleles is 
proportional to the number 
of mutations.  
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Pairwise ΦST values indicated that all three chestnut teal populations were 
significantly differentiated at mtDNA (Table 1.3). Likewise, southwestern chestnut 
teal differed significantly from both southeastern and Tasmanian chestnut teal at 
nuDNA (Table 1.3), but southeastern and Tasmanian chestnuts did not differ 
significantly. In contrast, none of the grey teal populations differed significantly at 
either marker type (Table 1.3). Treating each locus as an independent estimate of 
population structure, chestnut teal populations were significantly more structured 
than grey teal populations (paired t-test, t = 2.65, df = 5, P = 0.045; Table 1.2). On 
the basis of these prominent aspects of substructure, hereafter I treated grey teal as a 
single population, and I subdivided the chestnut teal into two populations: 
southeastern (including Tasmania) and southwestern. 
Table 2 
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Table 1.2 Population differentiation between chestnut teal (CT) and grey teal (GT) 
and among populations within each species for five nuclear introns and the mtDNA 
control region.  
Locus 
ФCT
1
 
(CT vs. GT) 
ФST 
1
 
(within CT) 
ФST 
1
 
(within GT) 
FGB <0.0001 0.098 <0.0001 
ENO1 <0.0001 0.171 <0.0001 
GRIN1 0.057 0.012 <0.0001 
ODC1 <0.0001 0.016 0.045 
PCK1 <0.0001 0.121 0.031 
mtDNA <0.0001 0.164 0.000 
1
Overall Ф-statistics for genotypes were ФCT = 0.004, ФST (CT) = 0.054 , ФST (GT) = 
−0.003.  
 
Table 1.3 Pairwise ФST for mtDNA (above the diagonal) and nuDNA (below the 
diagonal) among seven populations of Australian teal; Asterisks indicate significant 
differentiation between the populations. Population symbols are assigned according 
to their sampling geographic location; grey teal: northeast, GTne; southeast, GTse; 
northwest, GTnw; and southwest, GTsw; and chestnut teal: southeast, CTse; 
southwest, CTsw; Tasmania, CTtas. 
 CTtas CTse CTsw GTse GTne GTnw GTsw 
CTtas ------ 0.1185* 0.2071* 0.0376 0.0280 0.0749 0.0242 
CTse -0.002 ----- 0.1867* 0.0576* 0.0354 0.0208 0.0761 
CTsw 0.0741* 0.0981* ----- 0.0998* 0.0254 0.0625 0.2678* 
GTse 0.0062 0.0132 0.0349* ----- -0.0364 0.0052 -0.0007 
GTne 0.0043 0.0109 0.0630* -0.0026 ------ -0.058 0.0033 
GTnw -0.0039 -0.0110 0.0692* -0.0034 -0.0145 ------ 0.0605 
GTsw 0.0010 0.0147 0.1197* 0.0037 0.0142 -0.0205 ----- 
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Coalescent Analyses of nuDNA 
 
Results from IMa2 suggested that the effective population size of grey teal was 
larger than either of the chestnut teal populations (Table 1.4; Fig. 1.3). In the 
analyses with southeastern and southwestern chestnut teal, Ne of grey teal was 
estimated to be 1,400,000 individuals (95% highest posterior density, HPD, = 
630,000–6,000,000 individuals) and 1,500,000 individuals (95% HPD= 680,000 –
5,400,000 individuals), respectively. Ne for chestnut teal in the southeast and 
southwest was approximately 760,000 individuals (95% HPD= 420,000–6,500,000 
individuals) and 92,000 individuals (95% HPD= 24,000–536,000 individuals), 
respectively. At the time of divergence, the ancestral Ne was approximately 680,000 
and 620,000 individuals in the comparisons with southeastern  and southwestern 
chestnuts, respectively (GT-CTse; 95% HPD = 360,000–1,100,000 individuals; GT-
CTsw 95% HPD = 150,000–1,200,000 individuals). The most likely estimates of 
divergence times between the two species were similar in both analyses (Table 1.4; 
Fig. 1.4): 140,000 years ago (95% HPD= 16,000 to 880,000 years ago) in the 
southeastern comparison and 120,000 years ago (95% HPD= 49,000–2,000,000 years 
ago) in the southwestern comparison. Migration rates did not differ from zero (i.e., 
no gene flow) in either direction between grey and southeastern chestnut populations, 
but I also could not reject a hypothesis of high levels of gene flow (Table 1.4; Fig. 
1.3). In contrast, there was evidence of non-zero gene flow into southwestern 
chestnuts from grey teal, but not in the reverse direction.  
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Figure 1.3 Posterior distributions of effective population sizes scaled to the mutation 
rate (θ = 4Neµ; individuals *substitutions/locus/year) and migration rate (2Nm, 
effective number of migrants/generation) estimated in IMa for each of the three 
pairwise comparisons. Population symbols are as follows: grey teal GT, southeast 
chestnut teal, and southwest chestnut, CTsw.  
Figure 2 
The divergence between the southeastern and southwestern chestnut teal 
populations was deeper than the interspecific divergence in the above comparisons 
 
27 
 
(Table 1.4; Fig.1.4). Our estimates suggest that these two populations diverged 
around 260,000 years ago (95% HPD = 97,000–2,000,000 years ago). The estimated 
Ne for chestnut teal (Table 1.3; Fig. 1.3) in the southwest was approximately 120,000 
individuals (95%HPD = 13,600 to 1,960,000 individuals) compared to a much larger 
Ne of 1,400,000 individuals for the southeast (95%HPD = 550,000 to 6,400,000 
individuals). The southeastern chestnut teal was stable or underwent a population 
expansion since divergence from the southwestern population, whereas the 
southwestern population has contracted: the most likely estimate of the ancestral N e 
for the chestnut teal populations was 430,000 individuals (95% HPD=110,000 –
1,200,000 individuals). Estimates of migration rates were consistent with no gene 
flow into southeastern chestnuts, but non-zero gene flow into southwestern chestnuts 
(Table 1.4; Fig. 1.3). 
 
 
Figure 3 
Tble 3 
 
Figure 1.4 Posterior distributions of 
time since divergence 
(substitutions/locus) estimated between 
each pairwise comparison of Australian 
teals. Population codes are the same as 
those in Figure 1.3. 
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Table 1.4 Parameter estimates (peak estimate and 95% highest posterior densities) 
from IMa. All estimates are scaled to the mutation rate (µ): θA is the ancestral 
population size; θ1 and θ2 represent the population sizes of the first and the second 
population (as given in the heading for each analysis); t indicates the divergence time 
between the populations; 2Nimi is the effective number of immigrants into population 
i.  
Population θA θ1 θ2 t 2N1m1 2N2m2 
GTand CTse 1.49 
(0.78-2.43) 
3.18 
(1.38-13.24) 
1.67 
(0.93-14.2) 
0.034 
(0.004-0.219) 
22 
(0-118) 
2.8 
(0-152) 
GT and CTsw 1.35 
(0.337-2.64) 
3.37 
(1.5-11.81) 
0.22 
 (0.052-1.16) 
0.029 
(0.012-0.499) 
18 
(1.5-113) 
1.2 
(0-5) 
CTse and CTsw 0.95 
(0.232-2.57) 
3.00 
(1.2-14) 
0.25 
(0.03-4.3) 
0.064 
(0.024-0.499) 
16 
(0-142) 
1.0 
(0-15) 
 
Analyses of population growth in LAMARC suggested negative growth for 
grey teal (i.e., population decline; g = −6.25, 95% HPD= −28.5–67.3) and positive 
growth for both chestnut teal populations (i.e., population expansion; CTse, g = 1.64, 
95% HPD = −30–205; CTsw, g = 6.82, 95% HPD = −43–356). However, these 
values of growth were near zero, and I could not reject stable population sizes for 
any of the three populations. Similarly, average values of Tajima’s D were near-zero 
in all three populations (DCTse= -0.066; DCTsw= -0.019; DGT = -0.537; P > 0.05), 
which is consistent with stable population sizes (Table 1.1). 
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DISCUSSION 
 
Intraspecific Genetic Structure 
 
Multi-locus analyses detected differences in population structure between the two 
species of Australian teal. The chestnut teal was significantly structured between 
eastern and western Australia, but the grey teal populations were consistent with a 
hypothesis of panmixia. These differences in genetic structure between the two 
species suggest dissimilar levels of gene flow between their eastern and western 
ranges, which is consistent with the predictions based on their respective life-history 
characteristics (reviewed in Marchant and Higgins 1990).  
Occasional long distance movements in the vagile grey teal can facilitate gene 
flow across xeric habitats. Although the grey teal has a disjunct breeding range, their 
expanded non-breeding range allows for complex spatio-temporal patterns of mixing 
of flocks from different populations, and thus movements between regions for 
breeding. For example, grey teal banded near the north coast of the Northern 
Territory have been recovered in both the southeastern and southwestern breeding 
ranges (Frith 1962). Furthermore, from only two release points the movement paths 
of 23 grey teal fitted with satellite-tags showed displacement across much of eastern 
Australia within two years (Roshier et al. 2006, 2008). That these movements 
included long flights across deserts during a period of extreme drought highlights the 
mobility and vagility of this species. In contrast, the mainly, or solely, short -distance 
movements of the more sedentary chestnut teal make it likely that eastern and 
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western populations remain segregated. The results presented here suggest that 
differences in vagility and movement ecology have a prominent effect on inter -
population differentiation (see also Miller et al. 2011) and highlights the likely 
importance of non-breeding movements on inter-connectivity among widely 
dispersed populations.  
Along with the other recognised barriers in arid southern Australia (i.e., 
Murchison, Eyrean and Mallee), the Nullarbor Plain (and its fringing xeric 
woodlands) was an important barrier to dispersal and gene flow in birds, and other 
vertebrates, during the Pleistocene (Ford 1987). Several studies support east -west 
population splits here and at other barriers that date to this time period (reviewed in 
Byrne et al. 2008, also see Donnellan et al. 2009, Joseph et al. 2009, Guay et al. 
2010, Toon et al. 2010, Murphy et al. 2011). Our multilocus data suggest that eastern 
and western populations of chestnut teal diverged during the late Pleistocene, 
specifically around 260,000 ybp (95% HPD = 97,000–2,000,000 years ago). This is 
consistent with several other bird species in Australia with discontinuous east-west 
distributions having their population divergences dated to this same time period 
(~100,000-200,000 ybp, Malurus splendens, Climacteris rufus  and possibly 
Phylidonyris novaehollandiae, and Gliciphila melanops, Dolman and Joseph 2012). 
 
Inter-specific Variation 
 
The five locus nuDNA analyses of the two Australian teal species presented here 
support and significantly expand previous mtDNA results (Sraml et al. 1996; Joseph 
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et al. 2009). Both species shared alleles and had no significant differences in allele 
frequencies and no fixed differences at any locus, a pattern consistent with rampant 
polyphyly (Omland et al. 2006). These species began diverging around 128,000 ybp 
(95% HPD= 30,000–1,450,000), which is remarkably similar to the estimate from 
mtDNA of 103,000 ybp (95% HPD= 70,000–165,000 ybp) (Joseph et al. 2009) and 
coincides with the last interglacial period when the climate was similar to the 
present. The Pleistocene arid cycles in Australia are hypothesized to have influenced 
the distributions and genetic structure of the Australian biota generally (Byrne et al. 
2008, 2011), and Australian birds specifically (Toon et al. 2007, Kearns et al. 2010). 
The estimated timing of divergence between these Australian teal speci es is 
consistent with this hypothesis.  
In addition to recent divergence, hybridization and introgression can cause 
sequences to be shared across taxa (Funk and Omland 2003). Hybridization can 
continue for millions of years after divergence (e.g., Kronforst 2008) and can 
sometimes reverse the speciation process (Grant et al. 2004; Webb et al., 2011). Our 
coalescent analysis supported the hypothesis of no gene flow between grey teal and 
southeastern chestnut teal, but I also could not reject the possibility of high levels of 
gene flow between the species (see similar inference from mtDNA, Joseph et al. 
2009). However, there is some evidence of non-zero gene flow from the grey teal 
into the southwest chestnut teal population (Fig. 1.3; the 95% HPD does not include 
zero). Therefore, recent divergence and introgression both likely contributed to the 
lack of differentiation between these species, but given the results from both mtDNA 
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and nuDNA, a rapid divergence in morphology and behavior is strongly supported as 
the preferred hypothesis.  
Selection can maintain the morphological distinction between species in spite 
of gene flow (Senar et al. 2006), and ecologically based divergent selection and 
sexual selection can intensify this divergence (Schluter and Conte 2009, Rundle and 
Nosil 2005). Several attributes of the teal pair make ecological speciation a likely 
hypothesis for this system. These species have broadly overlapping ranges but use 
different niches; the chestnut teal is more of an estuarine and coastal species, 
whereas grey teal more often use inland, freshwater habitats. In addition, the color 
distinction in male chestnut teal suggests a potential role of strong sexual selection in 
mating patterns. However, testing for gene flow, which is an important parameter in 
models of ecological speciation (Schluter 1996, Ogden and Thorpe 2002, Rundle and 
Nosil 2005), is complicated by the indistinguishable genetic make-up between the 
species given our current markers. A larger sampling of loci or even genomic scans 
will be necessary to test this hypothesis, as these methods could detect regions under 
selection that might have contributed to this divergence (Beaumont 2004, Bonin et 
al. 2006, Egan et al. 2008). Under the hypothesis of ecological speciation, I predict 
that some loci (e.g., loci associated with male-plumage characters, female mate-
choice, and environmental factors) will be more strongly structured than the 
putatively neutral loci examined in this study.  
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Demographic Analyses 
 
The coalescent estimates of effective population size of the teal species did not 
completely match expectations. The estimated population size of grey teal is about 
1.7 million and perhaps as high as >5 million at times (Marchant and Higgins 1990), 
whereas the population size of southeast and southwest chestnut teal populations 
have been estimated at 300,000 and 20,000, respectively (Johnsgard1978). IMa2 
estimates of effective population size for grey teal (Ne=1,500,000) were close to the 
census size, but the estimates for chestnut teal populations (CTse, Ne = 1,300,000; 
CTsw, Ne = 90,000) were larger than census sizes. Multilocus analyses in LAMARC 
2.1.8 (Kuhner, 2006) were consistent with stable population sizes for all three 
populations suggesting that long term changes in population sizes do not explain this 
disparity. The disparity between genetic estimates of Ne and census size could result 
from a number of factors, including complex historical demography, inaccurate 
mutation rate calibrations, balancing selection, or hybridization with a third species, 
any of which can violate assumptions of the models used to analyze the data and bias 
results (Becquet and Przeworski 2009, Strasburg and Rieseberg 2010, Peters et al. 
2012). It is not clear from our data how model violations contributed to our results, 
but in another study of Anas ducks that examined these same loci, heterogeneity in 
genetic diversity was considerably higher than expected given the inferred neutral, 
population model (Peters et al. 2012). Indeed, different loci gave very different 
estimates of Ne in that study, and given the variance in nucleotide diversity for these 
teal (Table 1.1), the same is probably true in this study. Understanding how this 
heterogeneity contributed to our coalescent models will help us better understand the 
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history of population demography, divergence, and gene flow between grey and 
chestnut teals. 
Conclusion 
 
In conclusion, intraspecific nuDNA analyses among populations revealed that the 
highly vagile grey teal is genetically homogeneous across its range in Australia, but 
the sedentary chestnut teal is significantly structured between eastern and western 
Australia at both mtDNA and nuDNA markers. Thus, population structure reflects 
the predicted effects of differences in life history characteristics, specifically 
dispersal capacity. However, the two species are not genetically differentiated at any 
of the five nuclear loci, which is consistent with the lack of differentiation observed 
in mtDNA (Joseph et al. 2009). Among all loci, these teal species share many alleles 
and have similar levels of genetic diversity despite clear morphological and 
behavioral differences. Genetically, these two species, which are for the most part 
easily diagnosable phenotypically, are indistinguishable, at least for the markers and 
sample sizes examined in this study. I suggest a role of ecological speciation and/or 
sexual selection in driving the divergence between these species, and I predict that a 
thorough sampling of the genome will uncover loci important to maintaining the 
taxonomic distinctiveness of these species. Regardless, this multilocus study of grey 
and chestnut teals reveals a compelling case of rapid morphological divergence 
between two very closely related species.  
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CHAPTER II. SIGNATURES OF A LARGE Z-EFFECT IN THE EARLIEST 
STAGES OF DIVERGENCE IN AUSTRALASIAN TEALS 
 
 
Abstract. –Two recently diverged species of Australian ducks, the grey teal (Anas 
gracilis) and chestnut teal (A. castanea), are well-differentiated in male plumage, 
ecology, and dispersal behaviors, yet they are genetically indistinguishable at 
mitochondrial DNA (mtDNA) and nuclear DNA (nuDNA) loci. Given a strong role 
of the sex-chromosomes in speciation, I hypothesized a pronounced divergence on 
the Z-chromosome between these two taxa despite the possibility of gene flow. I 
sequenced a genomic transect of seventeen autosomal and seven Z -linked loci in 49 
grey teal and 23 chestnut teal from Australia. Consistent with the proposed 
hypothesis, the two species are genetically indistinguishable at autosomal loci (mean 
ΦST = 0.014), but significantly divergent in six of seven z-linked loci (mean ΦST = 
0.274). Furthermore, these species were particularly divergent on the shorter arm of 
the chromosome (mean ΦST = 0.428) compared to the longer arm (mean ΦST = 
0.068). Simulations under the neutral demographic histories over-predicted the 
differentiation in autosomal DNA but under -predicted the divergence in Z-linked 
loci, suggesting differences in the evolutionary histories of classes DNA. In 
particular, divergence on the short arm did not overlap with the expected neutral 
values. I conclude that the Z-chromosome contains a genomic island of 
46 
 
differentiation that has played a prominent role in the speciation of grey and chestnut 
teal, and I discuss the possible influence of sexual and/or ecological speciation.  
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INTRODUCTION 
 
Divergent selection can have an important role in speciation, especially when species 
pairs diverge in the face of gene flow (Saint-Laurent et al., 2003; Emilianov et al., 
2004; Hendry et al., 2004; McCracken et al., 2009a,b; Nosil et al., 2009; Nosil and 
Feder, 2012) or in response to local adaptation (Peichel et al., 2001; Grant and Grant, 
2006). Although gene flow tends to homogenize the genomes of hybridizing species,  
divergent selection on locally adapted alleles can prevent or inhibit gene flow for 
some loci, causing some genomic regions to be exceptionally differentiated (outlier 
loci; Nosil et al., 2009). Those outlier regions help maintain species integrity despit e 
the homogenizing force of gene flow in other regions and create a pattern of 
heterogeneous genetic divergence. However, it is not necessary for divergent 
selection alone to limit introgression; other factors such as sex -biased dispersal can 
partially restrict introgression among markers with different modes of inheritance 
(Scribner et al., 2001; Crochet et al., 2003; Carling and Brumfield, 2008, Carling et 
al., 2010; Peters et al., 2012a). The goal of this study is to test for heterogeneous 
divergence and gene flow between different classes of markers during the early 
stages of divergence and speciation.  
Genomic heterogeneity is an important component of speciation in allopatry 
or sympatry when the divergence of neutral and non-neutral loci proceeds at different 
evolutionary rates. Whereas genetic homogeneity is expected between hybridizing 
taxa, some loci can be strongly divergent despite gene flow (Turner and Hahn, 2007 ; 
Turner and Hahn, 2010). These outlier loci constitute “islands of divergence” and are 
composed of those loci that are under selection or tightly linked to loci under 
48 
 
selection (Nosil and Feder, 2012). When neutral alleles are freely exchanged between 
taxa, the level of differentiation at “islands of divergence” should be a function of 
selective strength. Thus, heterogeneity in genetic divergence may be higher in 
sympatric and parapatric conditions with gene flow than in strictly allopatric 
conditions. 
Different marker types, such as mitochondrial DNA (mtDNA), autosomal 
DNA (auDNA) and sex-linked loci (zDNA) can vary in their potential to introgress 
for different reasons, such as inviability of hybrids of the heterogametic sex and sex -
biased dispersal (Carling and Brumfield, 2008). Haldane’s rule predicts inviability or 
sterility of the heterogametic sex (Haldane 1922), which has been demonstrated 
empirically for several birds (Sattler and Braun, 2000; Kirby et al., 2004). This 
reduction in viability of the heterogametic sex could restrict introgression at markers 
exclusively inherited by the heterogametic sex. For example, reduced introgression 
of mtDNA relative to nuclear DNA (nuDNA) is anticipated in female heterogametic 
taxa. Similarly, sex-biased dispersal favors gene flow at markers inherited by the 
dispersive sex while it restricts the introgression at markers inherited by the non -
dispersive sex. Female philopatry and male-biased dispersal could generate greater 
genetic structure at mtDNA by restraining its movement between populations or 
species (Sattler and Braun, 2000; Helbig et al., 2001; Saetre et al., 2001; Crochet et 
al., 2003; Saetre et al., 2003 Peters et al. 2012a, b). Therefore, levels of introgression 
at a marker can result from the combination of both selection and sex-biased 
dispersal. Likewise, heterogeneity in the level of introgression could be expected 
between auDNA and sex-linked DNA (zDNA in female heterogametic taxa). 
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Dominance theory posits that sterility or inviability of the heterogametic hybrid 
(ZW) is controlled by recessive Z-linked alleles that have greater accumulative 
effects in the hemizygous state (Turelli and Orr, 1995), which inhibits zDNA 
introgression while not influencing auDNA introgression. In support of dominance 
theory, several studies have reported reduced introgression in sex-linked loci relative 
to autosomal loci (Hagen & Scriber, 1989; Tucker et al., 1992; Sætre et al., 2003; 
Carling & Brumfield, 2008). Additionally, the restrictions on introgression could 
also result from the ecological based selection between the divergent populations that 
eventually evolve to different species. 
Ecological speciation refers to the evolution of reproductive incompatibility 
between diverging populations in response to variable ecological adaptations; 
specifically, different populations are adapted to different ecological niches 
(Schluter, 2009, Schluter et al., 2010). The divergence could begin with selection on 
either standing genetic variation (which is generally a faster route to speciation; 
Barrett et al., 2008) or by the occurrence of new mutations. While auDNA 
contributes >90% of standing variation in the whole genome, the Z-chromosome 
could be more vital in speciation due to its higher substitution rate and faster 
evolution (Axelsson et al., 2004). Although auDNA could be more important than 
zDNA in ecological adaptation from standing genetic variation, zDNA could be more 
important in the alternative route to speciation via mutations. Either way, 
advantageous mutations could sweep to fixation in populations adapting to new 
ecological niches.  
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The Z-chromosome could have an important role in speciation because of its 
higher mutation rate and rapid fixation of alleles. Higher mutation rate in zDNA 
arises as male gametes undergo significantly more rounds of replication than female 
gametes, and Z spends two thirds of its time in the male germline (Miyata et al., 
1987; Hurst and Ellegren, 1998). Rapid fixation of any new beneficial mutations in 
zDNA could result from to the role of selection (Borge et al., 2005; Storchova et al., 
2010; Backstrom and Vali, 2011) or lower effective population size and faster 
sorting rate of Z-linked loci (Mank et al., 2007; Vicoso and Charlesworth, 2009). 
These properties can make zDNA diversify more rapidly than auDNA, potentially 
resulting in zDNA being more likely to contain “islands of divergence”. Several 
studies have found genes involved in reproductive isolation (pre-zygotic or post-
zygotic) mapping to sex-chromosomes (Orr and Coyne, 1989; Presgraves, 2002; 
Saether et al., 2007). Additionally, there is over-representation of Z-linked genes 
among those genes that have accelerated evolution in birds (i.e larger Z -effect; 
Ellegren, 2009). Although a faster and larger Z-effect has been studied in the later 
stages of speciation (Borge et al., 2005; Storchova et al., 2010; Elgvin et al., 2011; 
Backstrom and Vali, 2011; Hogner et al., 2012) the contribution of Z in the early 
stages of speciation has not been well-studied. The over-reaching goal of this study 
is to examine the genetics of speciation in a pair of taxa that have undergone a recent 
divergence with rapid speciation.  
Study taxa 
 
The grey teal (Anas gracilis) and chestnut teal (A.castanea) are recently diverged 
taxa that have undergone extensive morphological, ecological, and behavioral 
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divergence. Chestnut teal are strongly sexually dichromatic, with males having 
bright, colorful plumage and females having dull, grey-brown plumage. In contrast, 
grey teal are sexually monochromatic; both sexes have grey-brown plumage similar 
to that of the chestnut teal female, but lighter. Grey teal preferentially use inland, 
fresh-water habitats throughout the Australian continent and tend toward nomadism, 
quickly moving long distances to newly formed freshwater lakes after heavy rainfall 
(Frith, 1959, 1962, 1963; Roshier et al., 2006, 2008). In contrast, the chestnut teal is 
a coastal species that is most numerous in brackish waters and is restricted to 
southern Australia with a disjunct distribution between southeastern and 
southwestern Australia partitioned by the dry deserts of central Australia. The 
chestnut teal differs from the grey teal in that it is mostly sedentary with some short -
distance movements (Frith, 1967; Norman and Brown, 1988). The two species have 
overlapping breeding ranges (Fig. 1.3) and hybridize in captivity (Frith, 1963), 
although hybridization has not been documented in the wild. Despite these 
morphological, behavioral, and ecological differences, the species are genetically 
indistinguishable in mtDNA (Joseph et al., 2009) and five autosomal loci (Chapter 
1). In both markers, none of the genetic variation was explained by differences 
between the two species and more variation was partitioned among populations of 
chestnut teal than between species (Joseph et al., 2009; Chapter 1). Extensive 
introgression between the taxa or recent and rapid divergence could explain the 
observed pattern of genetic similarities between the species. However, coalescent 
analysis on five nuclear loci could not resolve the contribution of gene flow to this 
genetic similarity between the grey and chestnut teal (Joseph et al., 2009; Chapter 1). 
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These species are genetically more similar to each other than expected given their 
morphological and ecological divergence. Therefore, this pair of taxa provides an 
excellent model system for examining heterogeneous differentiation during the 
earliest stages of divergence accompanied by rapid speciation.  
 In this study, I examine genetic differentiation at seventeen autosomal 
and seven sex-linked markers to address the following questions in Australian Teal; 
(1) Is there evidence of genetic divergence from a genomic transect of auDNA? (2) 
Do different classes of nuclear markers (auDNA and zDNA) differ in the pattern of 
introgression (i.e., is there a larger Z-effect during the early stages of divergent)?  
 
 
MATERIALS AND METHODS 
 
DNA sequencing  
 
I sequenced seventeen autosomal and seven sex-linked loci using the 23 chestnut teal 
and 49 grey teal samples described in Chapter 1. Each autosomal intron is located on 
a different chromosome in the chicken (Gallus gallus) genome (Peters et al., 2012c). 
For zDNA, I chose seven loci distributed across the entire chromosome (Jacobsen et 
al., 2009; Backstrom et al., 2010; Peters et al., 2007). Published sequences from 
other birds were aligned with the mallard (Anas plathyrhynchos) genome (Kraus et 
al., 2011), and new primers were developed to specifically target duck zDNA. Each 
locus was amplified using PCR at an annealing temperature of 58°C using the 
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primers and protocols given in Peters et al. (2012c). Sequences for newly designed 
primers for zDNA are provided in table 2.1. PCR products were cleaned using 
AMPure XP beads following the Agencourt protocol (Beckman Coulter Co.). 
Sequencing of PCR products was done using the BigDye v. 3.1 Terminator Cycle 
Sequencing Kit (Applied Biosystems, Foster City, CA). Automated sequencing was 
performed on an ABI 3730 at the DNA Sequencing Facility on Science Hill, Yale 
University, CT. We aligned and edited the sequences in Sequencher 4.1 (Gene 
Codes, Ann Arbor, MI) and determined the gametic phases of sequences using the 
software PHASE 2.1 (Stephens et al.2001, Stephens and Donnelly, 2003). PHASE 
input files were generated in the program SEQPHASE (Flot, 2010).  
Diversity, Divergence and Neutrality 
 
Arlequin vers. 3.5.1.2 (Excoffier and Lischer, 2010) was used to quantify genetic 
diversity (nucleotide diversity, π, the mean number of pairwise differences among 
alleles within a population) and interspecies differentiation (Φ ST , the proportion of 
nucleotide diversity explained by differences among populations) for each locus. I 
used RAREFACTION CALCULATOR (University of Alberta, Canada) to compute 
allelic richness standardized to the smallest sample size of 46 in auDNA and 44 in 
zDNA. I constructed haplotype networks using the median-joining algorithm in 
NETWORK ver. 4.1 (Bandelt et al.1999). I estimated Tajima’s D (a measure of the 
difference in the estimates of θ based on number of segregating sites and the average 
number of pairwise nucleotide differences between random sequences) to test the 
neutrality of auDNA and zDNA (Tajima, 1989) in Arlequin vers. 3.5.1.2. (Excoffier 
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and Lischer, 2010). I also tested for linkage disequilibrium in Arlequin. For z-linked 
loci, males and females were tested independently, because  the gametic phases were 
known for females but not males.  
Demography 
 
I applied Bayesian Markov Chain Monte Carlo (MCMC) simulations in the 
coalescent program IMa2 (Hey, 2010) to estimate demographic parameters, scaled to 
the mean mutation rate per locus (µ), under an isolation-migration model for the 
autosomal loci and Z-linked loci in separate analyses. These demographic parameters 
included i) effective population sizes of the ancestral (ӨA = 4NeAµ where NeA is the 
ancestral effective population size)and  each daughter population  (Ө1 = 4Ne1µ and 
Ө2= 4Ne2µ, where Ne1 and Ne2 are the effective population sizes of grey teal and 
chestnut teal, respectively), ii) time since divergence ( t = Tµ, where T is time since 
divergence in years before present), and iii) migration rates (M1 = m1/µ, where m1 is 
the immigration rate into grey teal from chestnut teal, and M2 = m2/µ, where m2 is the 
migration rate into chestnut teal). I defined inheritance scalars as 1.0 for autosomal 
loci and 0.75 for Z-linked loci to reflect differences in modes of inheritance; by 
doing so, demographic parameters estimated from the two marker types were on the 
same scale (that of autosomal DNA) and directly comparable.  
We estimated the number of recombination events for each locus using the 
four-gamete test in DnaSP vers. 4.10.9 (Rozas et al., 2003) and removed the 
recombinant sites using the program IMgc (Woerner et al., 2007). We chose the 
recombination-free blocks by iteratively adjusting the chromosome weight so that a 
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maximum of 5% of sequences were removed from the data set (i.e., we preferentially 
truncated sequence length over removing copies).  
We first ran IMa2 to set appropriate upper priors for each parameter. We ran a 
cold chain and 39 heated chains using a geometric heating scheme to invoke 
metropolis coupling and improve mixing. We assessed the mixing of Markov chains 
from the autocorrelations and effective sample sizes (ESS >50). We sampled 
parameters and genealogies every 100 steps and ran the program for more than 3x10
7
 
steps after a burn-in of 500,000 steps. On average, we saved 300,000 genealogies in 
both the autosomal and Z-linked data runs. To test for consistent results across 
multiple runs, we ran IMa2 three times under identical conditions but with different 
random number seeds; all runs converged on the same stationary distributions.  
Coalescent simulations 
 
I simulated genetic divergence and diversity of the taxa for both auDNA and zDNA 
under the assumptions of the neutral demographic history estimated from the 
alternative marker type in IMa2. Specifically, expected zDNA diversity and 
divergence was simulated under the model inferred from auDNA (parameters were 
rescaled by a factor of 0.75 to account for differences in models of inheritance—the 
effective population size of zDNA is 0.75 of that of auDNA because of the 
hemizygosity of females), and expectations for auDNA were simulated under the 
zDNA model (because an inheritance scalar of 0.75 was defined for zDNA in IMa2, 
no adjustments to the parameters were required). Using the program MS (Hudson, 
2002), I simulated 1000 datasets/locus for each model following the methods 
described in Peters et al. (2012c). To account for uncertainty in the models, one-
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thousand estimates of each demographic parameter were randomly selected from the 
coalescent probability distributions of each parameter obtained from IMa2 (θGT , θCT, 
θA, t0, θmMGT, θmMCT, θmMA,). I also included locus-specific recombination rates and 
mutation rates in the analysis. Recombination rates for each locus (C/µ, where C is 
recombination rate/generation and µ is the mutation rate/site/generation) was 
estimated in LAMARC using a bayesian approach (Kuhner, 2006). An evolutionary 
model F84 was used with a transition to tranversion ratio of 3.0 and a posterior 
density curve was generated with 20,000 genealogies from a complete set of 2x10
7
 
sampled genealogies following a burn in of 2,000,000 generations.  A random 
sample of 1,000 recombination rates for each locus were chosen from the posterior 
probability distribution generated in LAMARC , which were randomly combined 
with the 1000 estimates of demographic histories . Similarly, a random sample of 
1000 mutation rates for each locus was chosen from the probability curves generated 
based on a deep Anseriformes phylogeny (Peters et al. 2012c). I used relative 
mutation rates among loci; the mean rate was scaled to 1.0. Among Z-loci, relative 
mutation rates were only available for CHD1z, which were applied to all Z-loci. In 
the simulations, all parameters were rescaled to the effective population size of grey 
teal.  Each dataset for auDNA and zDNA contained 144 and 122 sequences, 
respectively, to mimic sample sizes for empirical data. In total, I simulated 17,000 
datasets for auDNA and 7,000 datasets for zDNA (1,000 datasets per locus).  
Goodness-of- fit test 
 
The fit of the data to the models  was assessed using a  goodness-of-fit test for each 
marker type . I compared locus-specific empirical values of π, ΦST , and Tajima’s D 
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with the posterior predictive probabilities generated from the simulated sequence 
data; these  summary statistics were calculated using ms.output (Peters et al., 2012c). 
For each class of DNA, expected mean values for seventeen auDNA and seven 
zDNA loci were compared to the mean empirical values. I rejected the null 
hypothesis of neutrality if the empirical values were outside the expected 95% 
confidence interval simulated under neutrality. I also performed locus-specific 
goodness-of-fit tests by comparing empirical values with the 1,000 values simulated 
for each locus. 
 
 
RESULTS 
 
Genetic Variation 
 
Intraspecifically, sex-linked loci had less genetic variation than autosomal loci 
(Table 2.1). Chestnut teal had significantly fewer alleles at Z-linked loci than 
autosomal loci (mean RCT-A = 12.0 + 8.91 StDev, RCT-Z =4.0+3.53 StDev; Mann-
Whitney U-test, U = 22.5, df = 22, P = 0.020; subscripts CT and GT refer to chestnut 
teal and grey teal, respectively, and subscripts A and Z refer to autosomal and Z-
linked loci, respectively). A similar trend was also observed for the grey teal, 
although the results were not significant (RGT-A = 14.0+9.92 StDev, RGT-Z = 6.0+3.17 
StDev; Mann-Whitney U-test, U = 32.0, df = 22, P = 0.081). Autosomal nucleotide 
diversity was significantly larger (almost five times to that found for z -loci) in grey 
teal (πGT-A  = 0.0094, πGT-Z  = 0.0016; Mann-Whitney U-test, U = 22.0, df = 22, P = 
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0.018), and a similar trend was observed in the chestnut teal (π CT-A  = 0.0093, πCT-Z  = 
0.0016; Mann-Whitney U-test, U = 33.0, df = 22, P = 0.098). 
Inter-specifically, allelic richness in both autosomes and the Z-chromosome 
was  significantly higher in  grey teal than in chestnut teal after controlling for 
differences in sample sizes using rarefaction (Table 2.1; auDNA, paired t-test, t = 
2.11, df = 16, P = 0.01; zDNA, paired t-test, t = 2.44, df = 6, P = 0.01). Overall, 
shared polymorphisms appeared relatively smaller on the Z -linked loci relative to the 
autosomal loci as the network analyses revealed (Fig. 2.6 a  & b). However, chestnut 
teal and grey teal did not differ significantly in nucleotide diversity in either 
autosomes or the Z-chromosome (auDNA, paired t-test, t = 2.11, df = 16, P = 0.79; 
zDNA, paired t-test, t = 2.44, df = 6, P = 0.97).  
Neutrality 
 
Mean Tajima’s D was negative for both grey teal and chestnut teal at both markers 
(Table 2.1; DGT-A = -0.62, DCT-A = -0.67, DGT-Z = -1.548, DCT-Z = -0.32). 
Intraspecifically, Tajima’s D was significantly more negative in zDNA than auDNA 
in grey teal (Wilcoxon rank sum test, z = 2.57, df = 22, P = 0.010), but not chestnut 
teal (Wilcoxon rank sum test, z= 0.48, df = 22,P = 0.62; Table 2.2). Interspecifically, 
the comparisons revealed that Tajima’s D was significantly more negative in the grey 
teal relative to the chestnut teal for zDNA (paired t-test, t = 1.94, df = 16, P = 0.033) 
but not auDNA (paired t-test, t= 1.79, df = 6, P = 0.760). Overall, Tajima’s D was 
significantly negative at eight autosomal loci and five Z-loci in grey teal and six 
autosomal loci and one Z-locus in chestnut teal (Table 2.1). 
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Genetic Differentiation  
 
The two teals were on average twenty times more differentiated in zDNA than 
auDNA (Table 2.1), a significant difference (Wilcoxon rank sum test , z = 2.53, df = 
22, P = 0.011). In autosomal loci, grey and chestnut teal were significantly 
differentiated at only two (GHRL & GRIN1) of the 17 loci (mean Φ ST = 0.014). 
Conversely, the species were significantly differentiated on the Z -chromosome at six 
of the seven loci (mean ΦST = 0.274; Table 2.1). The maximum differentiation 
recorded among all twenty-four loci was the Z-linked ADAMTS6 (ΦST = 0.852) that 
was about sixty times greater than the average recorded at autosomal loci. Among 
sex-linked loci, the two taxa showed insignificant genetic differentiation  only at 
ALDOB (ΦST = 0.0). Additionally, the divergence was almost six times greater on the 
short arm of the Z-chromosome, especially near the centromere (Itoh et al., 2011) 
relative to the long arm (ΦST = 0.423 and ΦST = 0.068, respectively; Fig. 2.1).  
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Table 2.1 Nucleotide diversity (π), interspecific differentiation (ΦST), and Tajima’s 
D for seventeen autosomal and seven Z-linked markers in the grey teal (GT) and 
chestnut teal (CT). Numbers within the parentheses refer to allelic richness 
standardized to a sample size of 46 for auDNA and 44 for zDNA.  
 
  π(GT) π(CT) ΦST Tajima's 
DGT 
Tajima's 
DCT 
Autosomal Loci 
     
CRYAB 0.0001 (1.9) 0.0002 (2) 0.006 -1.38* -0.85 
PCK1 0.0016 (6.8) 0.0006 (3) <0.001 -1.63* -1.00 
LDHB 0.0006 (3.8) 0.0006 (5) <0.001 -1.50* -1.81* 
FAST 0.0010 (4.2) 0.0010 (3) <0.001 -1.82* -1.55* 
MSTN 0.0019 (3.7) 0.0010 (3) 0.020 -0.39 -1.34* 
SOAT1 0.0022 (6.8) 0.0013 (5) 0.003 -1.55* -1.57* 
ENO1 0.0052 (8.9) 0.0040 (7) <0.001 -0.95* -0.78 
FGB 0.0045 (10.6) 0.0042 (11) 0.011 -1.12* -0.85 
GH1 0.0051 (17.2) 0.0061 (14) <0.001 -0.95 -1.64* 
GHRL 0.0152 (24.3) 0.0106 (20) 0.050* -0.63* -1.43* 
GRIN1 0.0099 (16.9) 0.0114 (21) 0.056* 0.60* 0.38 
CPD 0.0120 (16.4) 0.0135 (15) <0.001 -1.19 -0.61 
ANXA11 0.0148 (5.6) 0.0160 (5) <0.001 -0.33 0.44 
ODC1 0.0164 (15.1) 0.0176 (10) 0.005 0.83* 1.50 
LCAT 0.0176 (29.9) 0.0181 (25) <0.001 -0.40 -0.41 
NCL 0.0249 (35.3) 0.0252 (30) 0.009 1.05 1.25 
SAA 0.0270 (23.0) 0.0269 (22) <0.001 1.63 1.44 
Mean autosomal 0.0094 (13.5) 0.0093 (11.8) 0.014 -0.57 -0.52 
Z-chromosome      
ALDOB 0.0004 (4.8) 0.0001 (3) <0.001 -1.95* -1.47* 
MUSK 0.0003 (3.1) 0.0009  (3) 0.148* -1.41* -0.32 
ADAMTS6 0.0002 (3.8) 0.0010 (2) 0.852* -1.94* 0.08 
CHD1Z 0.0021 (4.8) 0.0013 (3) 0.057* -0.80 -0.22 
BRM 0.0010 (4.8) 0.0016 (2) 0.308* -1.91* 1.60 
BRIX 0.0028 (8.4) 0.0017 (4) 0.537* -2.09* -1.15 
ATP5A1Z 0.0042 (12.1) 0.0044 (12) 0.016* -0.74 -0.74 
Mean Z-linked 0.0016 (6.0) 0.0016 (4) 0.274 -1.55 -0.32 
*Indicates significant values (P < 0.05). 
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Isolation-migration 
 
I used a two-population isolation-with-migration model to estimate the demographic 
history of divergence between chestnut teal and grey teal treating auDNA and zDNA 
in separate analyses (Fig. 2.2, Table 2.2). In zDNA, the coalescent estimate of 
divergence time between the grey and chestnut teal peaked at 0.124 (t z= 0.124, 95% 
HPD=0.06-0.28). Z-linked estimates of effective population size in grey teal was 
larger than chestnut teal with no overlap in the posterior distributions (HPD; θ GT-Z = 
4.91, 95% HPD = 2.55-11.69; θCT-Z = 0.17, 95% HPD= 0.05-0.69). Similarly, 
ancestral zDNA effective population size was also significantly smaller than the 
effective population size of grey teal, but larger than that of the chestnut teal (θ A = 
0.31, 95% HPD= 0.03-0.91). There was evidence of significant gene flow (forward 
in time) from the grey teal into chestnut teal in zDNA, and zero gene flow was not 
included in the confidence interval (mGT

CT = 7.92; HPD 95% = 1.52-42). However, 
the model was consistent with zero gene flow in the opposite direction (mCT

GT = 
0.02, HPD 95% = 0-1.52). 
In auDNA, the coalescent isolation-migration model revealed a much more 
recent divergence time between the species than did the sex-linked loci (t = 0.01, 
95% HPD=0.002-0.029; Fig. 2.2, Table 2.2). Consistent with the zDNA, the effective 
population size of the grey teal population was larger (θGT-au = 3.13, 95% HPD=1.38-
22.21) than that of the chestnut teal (θCT-au = 1.51, 95% HPD=0.33-20.51) and the 
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ancestral population (θA-au = 1.48, 95% HPD=1.03-1.93), but the confidence intervals 
were overlapping among all estimates (although θGT-au and θA-au only slightly 
overlapped; Fig.2.2, Table 2.1). The migration rates were more consistent with zero 
gene flow in either direction, but the confidence limits were wide and did not differ 
between the two directions (mGT

CT = 0.99, HPD 95% = 0-53; mCT

GT = 0.21; HPD 
95% = 0-50). These posterior distributions contrasted markedly with those from 
zDNA, which were much narrower and consistent with very low levels of gene flow.  
Table 2.2: Sex-linked and autosomal demographic parameters estimated using 
isolation-with-migration model in IMa2. Effective number of migrants ( forward in 
coalescence) 
  Autosomal               Z-chromosome 
θGT 3.1 (1.4-22) 4.9 (2.6-12) 
θCT 1.5 (0.3-21)  0.17 (0.05-0.69) 
θA 1.5 (1.0-1.9) 0.31 (0.03-0.91) 
2NmGT

CT 0.37 (0-281.5)                      0.03 ( 0-5.5) 
 
2NmCT

GT 0.37 (0-283) 1.7 (0.62-3.3) 
t 0.01 (0.002-0.029) 0.12 (0.06-0.28) 
 
 
 
 
 
 
Figure 2.1 Spatial distribution of ΦST  between the grey teal and chestnut teal  over 
the Z-chromosome.  
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Figure 2.2 (a,b) Posterior distributions of sex-linked and autosomal effective 
population size; 1(c,d) Posterior distributions of migration rates in sex-linked and 
autosomal DNA as estimated in the IMa (scaled to mutation rate); (1e) Posterior 
distribution of time since divergence between the grey and chestnut teal for zDNA 
and auDNA.  
Figure 4 
 
Figure 5 
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Simulations 
 
The goodness-of-fit test revealed a poor fit between the empirical data and the data 
simulated under neutrality and the demographic history estimated with the isolation -
with-migration model. The mean empirical value of ΦST in auDNA was much 
smaller than predicted from the Z-chromosome history (Fig. 2.3a). Likewise, the 
empirical mean of ΦST for zDNA was much larger than the expectations obtained 
from the auDNA demographic history. Similarly, simulations under the isolation -
migration model over-predicted Tajima’s D in zDNA but under-predicted Tajima’s D 
in auDNA in grey teal, but not chestnut teal (Fig. 2.3b). Additionally, the observed 
mean auDNA nucleotide diversity in both grey teal and chestnut teal deviated from 
expectations based upon the zDNA demographic history and selective neutrality, but  
this deviation was not as strong for zDNA simulated under the auDNA history (Fig. 
2.3). 
Locus-specific tests of ΦST, Tajima’s D and π revealed several outlier loci in 
both auDNA and zDNA (Fig.2. 4 and 2.5). The isolation-migration model of neutral 
auDNA demographic history under-predicted the level of differentiation in zDNA for 
four of the loci (ADAMTS6, BRIX, BRM and MUSK). Three of these loci were 
located on the shorter p-arm of the Z-chromosome. In addition, three of these loci 
and ALDOB (also on the p- arm) had a significantly more negative Tajima’s D in the 
grey teal but not in the chestnut teal. Similarly, the neutral model of auDNA 
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demographic history over- predicted the nucleotide diversity in all z-loci except 
ATP5A1Z in both species; however the empirical values fell within the 95% 
confidence intervals. On the contrary, several outlier auDNA loci (ODC1, SAA1, 
ANXA11, LDHB, NCL, LCAT, GREL, and CPD) had higher nucleotide diversity 
than predicted by the zDNA demographic history. Most of these auDNA loci also 
had a significantly higher-than-expected Tajima’s D  for grey teal (GRIN1, NCL, 
ODC1, and SAA1). LDHB also had a high D in chestnut teal. Finally, the observed 
levels of ΦST were over-predicted under neutrality in all autosomal loci, although the 
values were within the 95% confidence intervals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 A comparison of 
mean ΦST (3a), Tajima’s D 
(3b) and nucleotide 
diversity (3c) over the 
simulated autosomal and 
sex-linked data with that 
observed in the empirical 
autosomal and sex-linked 
data between grey  and 
chestnut teal. Filled markers 
represent the average ΦST  
estimated from simulations 
under neutrality while the 
bars indicate the 95% 
confidence interval. Open 
markers represent the mean 
observed values. 
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Figure 2.4 a) Locus-specific goodness of fit tests for ΦST between grey teal and 
chestnut teal in auDNA and zDNA. Locus-specific goodness of fit test of nucleotide 
diversity in the nineteen autosomal and seven Z-linked loci of (b) grey teal and (c) 
chestnut teal. Open markers and filled markers symbolize the empirical and expected 
value for the respective locus. Vertical bars represent the 95% confidence limits 
under the neutral expectations.  
Figure 6 
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Figure 2.5 Species specific locus-wise goodness-of-fit test of Tajima’s D in auDNA 
and zDNA of (a) grey teal and (b) chestnut teal. Open markers and filled markers 
indicate the empirical and simulated value of the locus. Vertical bars represent the 
95% confidence limits under neutral expectations.  
 
Figure 7 
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Figure 2.6 Haplotype networks between the grey teal and chestnut teal for (a) 
seventeen autosomal loci and (b) seven sex-linked loci.  
a)
 
  
 
b) 
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DISCUSSION 
 
I sequenced two different classes of nuclear DNA to test for a more rapid and larger 
Z-effect in two morphologically, behaviorally, and ecologically differentiated taxa 
during the early stages of divergence. This comparative analysis between the 
Australian grey teal and chestnut teal revealed nearly no differences in auDNA, 
which is consistent with a lack of divergence in mtDNA (Joseph et al., 2009; Chapter 
1), despite strong differentiation in zDNA. This contrast suggests an important role 
of the Z-chromosome during the early stages of speciation. In addition to the 
disproportionately larger divergence, we found reduced variation on the Z-
chromosome, further supporting the large Z-effect hypothesis. Simulations under 
neutral demographic histories demonstrate that differences in substitution rates, Ne, 
and migration rates are insufficient to explaining the disparity in divergence and 
diversity between auDNA and zDNA. Finally, we also found evidence of an “island 
of differentiation” (Carneiro et al., 2010) near the central part of the p-arm of the Z-
chromosome where differentiation was elevated relative to the remainder of the 
chromosome (Fig. 2.3).  
Large Z-effect 
  
The large Z-effect hypothesis proposes accelerated divergence of zDNA and an 
overrepresentation of Z-genes in the pool of rapidly diverging genes. The hypothesis 
has its foundation in the observations of male-biased mutation rates (Hurst and 
Ellegren, 1998), reduced recombination on the Z-chromosome, a higher influence of 
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genetic drift owing to a smaller Ne, and linkage of male ornamental traits (e.g., 
Ficedula flycatchers; Saether et al., 2007) and hybrid fitness to zDNA (Backstrom et 
al., 2010). The divergence between the Australian teals that primarily differ in male 
plumage is consistent with the proposed hypothesis of a large Z-effect. In support of 
a large Z-effect for teals, the mean value of ΦST for the zDNA was underpredicted by 
the neutral demographic model inferred from auDNA; thus, zDNA was strongly 
differentiated relative to auDNA. This larger association of highly differentiated 
regions to zDNA could suggest a greater role of the Z-chromosome in adaptive 
evolution (Ellegren, 2009; Charlesworth et al., 1987). Although the genes 
responsible for the expression of highly differentiated traits in teals are not known 
specifically, male plumage characters and female preference genes are Z-linked in 
hybridizing flycatcher species and appear to be under selection (Reeve and Pfennig, 
2002; Sætre et al., 2003; Sæther et al., 2007; Backström et al., 2010).  
In addition to high differentiation, the most divergent regions also had 
significantly smaller intraspecific diversity, an excess of rare polymorphisms, a nd 
high linkage disequilibrium in the grey teal, and these features are consistent with a 
prominent role of selection (Ellegren et al., 2012). Moreover, a standard neutral 
model predicts the neutral ratio of Z:A variation to be 0.75, assuming equal numbers  
of reproducing males and females, random mating, constant population size, no gene 
flow, and no difference in mutation rate between zDNA and auDNA. However, in 
birds, a lower-than-expected ratio of 0.32–0.42 and 0.24 has been observed in 
Ficedula flycatchers and the chicken, respectively, which has been attributed to the 
z-loci being linked to genes that underwent a selective sweep (Saetre et al., 2003; 
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Sundstrom et al., 2004). In this study, the Z:A ratio was 0.17 in both chestnut teal 
and grey teal (Table 2.2), suggesting an even stronger deviation from the neutral 
model.  
Alternatively, variability in mutation rates between different classes of DNA 
and the effectiveness of genetic drift could explain the accelerated divergence of 
zDNA. Male-biased mutation rates can cause Z- linked loci to accumulate 
substitutions faster than autosomal loci, because zDNA spends 2/3 of its time in the 
male germline, and this rapid evolution can be especially prominent when new 
mutations are favorable (Kirkpatrick and Hall, 2004). On the other hand, the greater 
influence of drift in smaller populations could cause even weakly deleterious 
mutations to become fixed more rapidly on the Z-chromosome (Laporte and 
Charlesworth, 2002). However, we accounted for the differences in mutation rates 
and drift between zDNA and auDNA in our simulations, suggesting that these factors 
fail to explain the deviations without some role of selection.  
This pattern of elevated divergence in zDNA relative to auDNA has been 
linked to the signatures of selection in other taxa with a deeper overall divergence. A 
genomic scan of divergence between two flycatcher  species (i.e pied flycatcher, 
Ficedula hypoleuca and the collared flycatcher, F. albicollis) showed much greater 
divergence on Z-chromosome along with several “islands of differentiation” on 
auDNA that were characterized by reduced diversity, elevated linkage disequilibrium 
and skewed allele frequency spectra (Ellegren et al., 2012). Similarly, a high density 
scan of 72 Z-linked loci between the species revealed similar signatures that were 
consistent with directional selection in Z-linked loci, which contained candidate 
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regions associated with plumage coloration (Saetre et al., 2003; Borge et al., 2005; 
Saethre et al., 2007; Backstrom et al., 2010).  Likewise, two Z-linked genes with 
outlier FST’s between the house sparrow (Passer domesticus) and Spanish sparrow (P. 
hispaniolensis) were inferred to be under positive, divergent or diversifying selection 
(Elgvin et al., 2011). Overall, zDNA showed elevated interspecific divergence and 
reduced intraspecific variation relative to autosomes. These studies support the large 
Z-effect in the later stages of speciation, where mtDNA and auDNA are more 
differentiated than what we observed (Sætre et al. 2003, Borge et al. 2005, Carling 
and Brumfield, 2008, Carling et al., 2010; Storchova et al., 2010). Thus, these teal 
species are perhaps one of the most recently diverged species pairs exhibiting 
evidence of a large Z-effect. 
Differential introgression and divergent selection  
 
Signatures of elevated divergence and lower diversity of zDNA could result from 
differential introgression and/or divergent selection. Haldane’s Rule predicts reduced 
fitness of the heterogametic sex (females in birds), which causes more restricted 
introgression for zDNA and mtDNA than auDNA (Carling and Brumfield, 2008; 
Storchova et al., 2010). A reduction in Z-introgression is expected, because the Z-
chromosome contains recessive alleles that reduce hybrid fitness and has greater 
cumulative effects in the hemizygous state (Haldane, 1922; Turelli and Orr, 1995). 
The Z-chromosome might also contain genes important in pre-zygotic isolation 
(Carling and Brumfield, 2009). However, the estimates of migration between the teal 
taxa do not conform to the expectations of Haldane’s rule. Coalescent analyses we re 
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consistent with no gene flow in auDNA (although the confidence intervals were 
large), but we rejected a hypothesis of no gene flow in zDNA from the grey teal into 
chestnut teal (Fig.2.1). Furthermore, owing to its maternal inheritance, mtDNA 
should be less likely to introgress (Scribner et al., 2001; Cianchi et al., 2003; Carling 
and Brumfield, 2009), but grey teal and chestnut teal were not differentiated at this 
locus (Joseph et al., 2009). Thus, Haldane’s Rule seems to be an unlikely 
explanation for the differences in zDNA and auDNA. 
The most prominent difference between auDNA and zDNA from coalescent 
analyses was in estimates of time since divergence rather than differences in rates of 
introgression. The divergence in zDNA was about an order of magnitude deeper than 
auDNA. Because estimates of t from IMa2 are scaled to the mutation rate (i.e., t = 
T), this result could be explained if mutation rates for zDNA are an order -of-
magnitude faster compared to auDNA. Although several studies support a higher 
mutation rate for zDNA, which has been attributed to male-biased mutation (Ellegren 
and Fridolfsson, 1997; Kahn and Quinn, 1999; Axelsson et al., 2004), the observed 
<2-fold difference is unlikely to account for our results. In ducks specifically, 
mutation rate estimates for CHD1Z were similar to estimates for auDNA (Peters et 
al. 2008, 2012c). In contrast, analyses of auDNA and mtDNA yielded concordant 
estimates of divergence times after applying a correction for differences in mutation 
rates (Chapter 1). Finally, a higher mutation rate for zDNA should also cause zDNA 
to have higher genetic diversity than auDNA, but I found significantly less diversity 
in zDNA. Thus, a faster mutation rate is insufficient to explain the differences in 
estimates of t between auDNA and zDNA. Overall, the data suggest more rapid 
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divergence of zDNA than auDNA, which is consistent with strong divergent 
selection 
Z-effect and speciation 
 
Exclusively Z linked divergence between the teals with almost negligible 
differentiation on the mtDNA and auDNA is suggestive of sex-linked speciation 
between the grey and chestnut teal. Evidence suggests that prezygotic and 
postzygotic traits of reproductive isolation, including sexual dichromatism, mate 
preferences and hybrid sterility, are disproportionately controlled by Z -linked genes 
(Noor et al., 2001; Servedio and Seatre., 2003; Saether et al., 2007; Carling and 
Brumfield, 2009). Chestnut teal are strongly sexually dichromatic with brightly 
colored males, whereas grey teal are monochromatic and have dull plumage. Given 
the results of previous research and the contrast between zDNA and auDNA in this 
study, I hypothesize that this morphological trait is linked to the Z-chromosome and 
that sexual selection is a primary driver of divergent selection in this pair. However, 
failure to exclude the complete genetic isolation between the grey teal and chestnut 
teal in the coalescent based analyses suggests that these taxa have not achieved 
complete reproductive isolation, although gene flow is probably ra re. This 
emphasizes the possible importance of pre-zygotic traits between the teal taxa as the 
major mechanism contributing to isolation and preventing complete genetic 
homogenization. This case study is consistent with the proposed hypothesis of 
linkage of sexual dimorphism to sex-chromosomes (Mank et al., 2009), suggesting 
sexual selection might be an important player in the early stages of divergence. 
Although evidence for genes encoding for ecological traits is lacking, it  is possible 
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that zDNA could also have contributed to ecological speciation between the grey and 
chestnut teal. Given the strong divergence in morphology, behavior, and ecology 
coupled with weak overall divergence in DNA, this pair of taxa is an excellent model 
system for further testing the role of selection in driving the speciation process.  
Z-Island of genetic differentiation 
 
We propose the central region on the p-arm of the Z-chromosome as an “island of 
differentiation” between the teal species. Locus-specific comparisons on the zDNA 
detected four outliers (ADAMTS6, MUSK, BRIX and BRM) with their observed Φ ST 
much greater than expected under neutrality (Fig. 2.3). Three of these were located 
within the same region (Fig. 2.2). Significantly negative Tajima’s D in these outlier 
loci, evidence of linkage disequilibrium, and reduced diversity with some gene flow 
suggest a strong role of divergent selection in this island. However, we cannot rule 
out the possibility of several other islands of differentiation spread throughout 
auDNA. A larger dataset from a larger sample size of loci, a genomic scan in 
particular, could be beneficial in detecting the overall heterogeneity in differentiation 
in auDNA and zDNA. 
Conclusion 
 
I conclude that selection on the Z-chromosome was important during the early stages 
of speciation in these morphologically, behaviorally, and ecologically divergent teal. 
Thus, zDNA can differentiate between these taxa when the fast evolving mtDNA 
cannot. The role of the Z-chromosome in the later stages of speciation is evident 
from several other studies but this is the first study to document such a large effect 
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during the earliest stages of divergence. Comparisons of divergence and gene flow 
suggest that divergent selection rather than differential introgression has a major role 
in the generation and maintenance of genetic differentiation on the Z -chromosome. 
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CHAPTER III. COALESCENT HISTORY OF NUCLEAR INTROGRESSION 
BETWEEN HOLARCTIC GADWALLS AND EURASIAN FALCATED DUCKS 
FAILS TO EXPLAIN HETEROGENEITY IN GENETIC DIVERSITY 
 
Abstract. Large variances in genetic diversity and differentiation among loci have 
been observed for many species. This heterogeneity can arise from a number of 
processes, including stochastic variance in introgression of alleles, complex 
demographic histories, and selection influencing some loci. The gadwall (Anas 
strepera) is a species of duck distributed across North America and Eurasia that has 
high heterogeneity in genetic diversity that fails to fit neutral coalescent models of 
population history. Both selection and neutral hybridization with the falcated duck 
(A. falcata) are plausible explanations for this heterogeneity. The objective of this 
study was to assess the rate of introgression using a genomic transect of non-coding 
loci (19 introns that map to 19 different chromosomes). I found strong evidence of 
introgression of nuclear alleles from falcated duck into North American gadwalls, 
but not Eurasian gadwalls. However, simulating genetic diversity under the model of 
neutral population history estimated using coalescent analyses, I found that 
introgression was insufficient to explain the observed heterogeneity in genetic 
diversity for both species. Furthermore, four loci were significantly more 
differentiated between species than expected. These analyses suggest a prominent 
role of selection in the among-locus heterogeneity in non-coding DNA.
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INTRODUCTION 
 
Levels of genetic diversity and differentiation can vary extensively across the 
genomes of a population or species (Avise, 2000; Hammer et al., 2004; Borge et al., 
2005; Hadrill et al., 2005; Carneiro et al., 2010; Nosil and Feder, 2012; Peters et al., 
2012c; Strasberg et al., 2012). Some level of among-locus heterogeneity is expected 
given the stochastic nature of mutation and genetic drift: new mutations (or 
substitutions) increase diversity by the random generation of new polymorphisms, 
whereas drift decreases diversity through the random loss of alleles. Among-locus 
variation in baseline mutation rates and differences in effective population sizes ( Ne) 
among autosomal, sex-linked, and cytoplasmic DNA, contribute further to this 
heterogeneity. Under an assumption of no gene flow, diversity at a neutral locus will 
depend on the antagonistic and stochastic interaction between mutation and drift, 
which can yield high heterogeneity in genetic diversity across the genome 
(Rosenberg and Nordborg, 2002; Hudson and Turelli, 2003; Knowles and Richards, 
2005). The stochastic interaction between these two forces, both of which contribute 
to the accumulation of genetic differences between diverging populations or species, 
can also cause among-locus heterogeneity in differentiation.  
Fluctuations in population sizes (i.e., demography) and gene flow leave 
footprints in the pattern of genetic variation across the genome. For example, 
population bottlenecks cause a loss of genetic variation. Conversely, rare variants in 
the DNA sequences arise with population expansion. These population size changes 
can alter the level of genetic variation disproportionately across loci (Pool and 
Nielsen, 2007). The temporal variation in mutation and drift result ing from 
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fluctuations in population size add to among-locus heterogeneity within and between 
populations. In addition, introgression or gene flow adds diversity by causing new 
alleles to enter populations (Sweigart and Willis, 2003; Johannesan et al., 2006; 
Minder and Widmer, 2008; Kaiser et al., 2011) and enhance the genetic similarity 
between populations and species. On the other hand, populations evolving in 
complete isolation should have fewer shared polymorphisms and greater divergence 
than populations experiencing gene flow. Hence, differences in introgression rates 
among populations add to the pattern of among-locus heterogeneity in genetic 
diversity and differentiation between the populations.  
Selection can influence genetic diversity across the genome by favoring 
polymorphisms from standing genetic variation or from a pool of new mutations. 
Positive selection, for example, can cause selectively advantageous alleles to spread 
throughout a population or between populations or species, resulting in low genetic 
variation and low differentiation at affected loci (Maynard-Smith and Haigh, 1974). 
Likewise, strong negative selection eliminates deleterious polymorphisms from the 
linked sites within a genome in a population (Charlesworth et al., 1993), whereas 
balancing selection maintains high levels of genetic diversity at some loci 
(Charlesworth, 1997). Similarly, divergent selection favors different alleles in two 
populations residing in different environments selectively enhancing the genetic 
differentiation at those loci, despite higher similarity throughout the remainder of the 
genome (Schluter, 2001; Nosil, 2009), whereas balancing selection inhibits 
population differentiation (Charlesworth et al., 1993). This variability in selective 
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pressures throughout the genome differentially influences variation within and 
between populations, creating high among-locus heterogeneity.  
Apart from the influences of individual demographic or genomic forces, the 
interaction between selection and introgression is also important if gene flow is 
prevented at some loci by selection. However, the interaction between selection and 
introgression is not always antagonistic. Positive selection can facilitate the 
introgression of alleles at some loci and homogenize the genomes between the 
closely related taxa (Bachtrog et al., 2006; Currat et al., 2008), but divergent 
selection can prevent gene flow at other loci that are important for species integrity , 
thereby enhancing genetic differentiation at those loci (Noor et al., 2001; Morjan and 
Rieseberg, 2004; Kulathinal et al., 2009; Nosil et al., 2009). Hence, variability in 
selection pressures among loci creates heterogeneous diversity and differentiation by 
filtering introgressed alleles at some loci (Charlesworth, 1997; Postma and 
Noordwijk, 2005; Storz and Kelly, 2008; McCracken, 2009). Overall, among-locus 
patterns of genetic diversity and differentiation can arise from various demographic 
and genomic forces; a multi-locus approach can help elucidate the roles of these 
forces in generating among-locus heterogeneity 
Study taxa 
 
Sequence data from twenty-two non-coding loci in the gadwall (Anas strepera) 
revealed large among-locus heterogeneity in genetic diversity that varied by two 
orders of magnitude (Peters et al., 2012c). The gadwall has a Holarctic distribution 
that extends across Eurasia (Old World, OW) and North America (New World, NW; 
Fig.3.1) and is genetically characterized by haplotype frequency differences between 
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OW and NW in mitochondrial DNA (mtDNA) and nuclear DNA (nuDNA) that likely 
resulted from a founder effect (colonization of NW from OW) and restricted gene 
flow (Peters et al. 2008, 2012c). However, intragenomically, the observed among-
locus heterogeneity failed to fit this model of population history, but neither 
selection nor introgression could be rejected as plausible contributing factors  (Peters 
et al., 2012c). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 
The gadwall hybridizes with its closest extant relative, the falcated duck 
(Anas falcata), in the wild (Johnsgard, 1960). Unlike the gadwall, the falcated duck 
has a restricted distribution in eastern Asia, where its breeding range overlaps with 
the gadwall (Fig. 3.1). Molecular data reveal introgression of falcated duck DNA 
into gadwalls. Falcated duck shared one haplotype each at mtDNA and one of the 
 
Figure 3.1 Falcated  Ducks have 
a restricted distribution in eastern 
Asia (eastern Russia, Japan, 
northern China, and Mongolia), 
whereas Gadwalls have a 
Holarctic distribution extending 
across Europe, Asia, and North 
America. Black dots and squares 
represent sampling locations of 
gadwalls and falcated ducks with 
sample sizes >1 indicated. 
Modified from Peters et al. 
(2007). Sampling details have 
been provided in Peters et al., 
(2012c). 
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two nuclear loci sequenced with sympatric OW gadwalls (Peters et al., 2007). In 
addition, 5.5% of North American gadwalls had mtDNA that was more similar to 
falcated ducks than to other gadwalls, although there was no evidence of nuclear 
introgression (Peters and Omland, 2007; Peters et al., 2007). However, one of the 
two nuclear markers sequenced was located on the Z-chromosome, which may be 
less susceptible to introgression (Borge et al, 2005; Storchova, 2010). Therefore, a 
multi-locus assessment is necessary to examine the extent of nuclear introgression 
between the falcated duck and each gadwall population to better examine the role of 
introgression in generating among-locus heterogeneity.  
The main objectives of this study were i) to examine genetic diversity 
sampled from genomic transect of  in falcated ducks and compare it to the among-
locus heterogeneity observed in gadwall;  ii) to estimate rates of introgression 
between species in sympatry and allopatry; and iii) to examine the role of 
introgression in among-locus heterogeneity in genetic diversity and differentiat ion. 
This multi-locus comparison of polymorphic data between falcated ducks and the 
gadwall populations will contribute to disentangling the roles of demographic 
history, introgression, and selection in generating among-locus heterogeneity in these 
taxa.  
MATERIALS AND METHODS 
 
I sequenced a genomic transect for 24 falcated ducks (Fig. 3.1), which included 
nineteen non-coding regions of nuclear DNA that map to different chromosomes in 
the chicken (Gallus gallus) genome using previously published primers (Peters et al., 
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2012c; Table 3.1). Homologous data for 25 NW and 25 OW gadwalls were obtained 
from Peters et al. (2012c). Each locus was amplified using PCR and cleaned using 
AMPure XP beads following the Agencourt protocol (Beckman Coulter Co., Brea, 
CA). I sequenced PCR products using the BigDye v. 3.1 Terminator Cycle 
Sequencing Kit following manufacturer protocols (Applied Biosystems, Foster City, 
CA). Automated sequencing was performed on an ABI 3730 at the DNA Sequencing 
Facility on Science Hill, Yale University, CT. I edited the falcated duck sequences 
and aligned them with gadwall sequences using Sequencher 4.1 (Gene Codes, Ann 
Arbor, MI). I determined the gametic phases of sequences that were heterozygous at 
more than one nucleotide position using the software PHASE 2.1 (Stephens et al., 
2001, Stephens and Donnelly, 2003).  
Genetic Diversity and Demography 
 
I quantified genetic variation within the populations and differentiation among 
populations in terms of the nucleotide diversity (π, the average number of nucleotide 
differences per site between pairs of randomly selected individuals from a 
population), pairwise ФST between falcated duck and gadwall (the proportion of 
genetic diversity attributable to differences among populations), and Tajima’s D (a 
measure of the relative frequency of rare polymorphisms to common polymorphisms) 
in Arlequin v3.11 (Excoffier and Lischer, 2010). I used linear regression to compare 
π between falcated ducks and gadwalls. A paired t-test was used to compare ФST 
between falcated ducks and gadwalls with ФST between the two gadwall populations 
with ФST being paired by loci. I constructed haplotype networks using the median-
joining algorithm in NETWORK ver. 4.1 (Bandelt et al., 1999).  
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To infer aspects of the population histories of falcated ducks and OW and NW 
gadwalls, I applied the MCMC Bayesian approach in a three-population isolation 
with migration model in the coalescent program IMa2 (Hey, 2010). Demographic 
history was estimated under three possible scenarios of migra tion: a full migration 
model with both ancestral and ongoing gene flow, a model of recent secondary 
contact that assumes no gene flow between ancestral populations, and a model of 
ancestral migration that assumes no-ongoing migration. The estimated parameters 
included time since divergence (t0 and t1, the divergence times between OW and NW 
gadwalls and between falcated ducks and gadwalls, respectively, where t = Tµ, and T 
is the time since divergence in years and µ is the geometric mean of mutation rates 
per locus among all loci), the effective population sizes of the ancestral populations 
(ӨA0 at t0 and ӨA1 at t1, where ӨA = 4NeAµ and NeA is the ancestral effective 
population size), and the effective population size of each daughter population ( Өf, 
Өow, and Өnw, for falcated ducks, OW gadwalls and NW gadwalls, respectively). The 
full model included eight migration parameters: two parameters (bidirectional 
migration) between each population pair and between the falcated duck and the 
ancestral gadwall population (Mij is migration of alleles into population i from 
population j forward in time, where Mij = mi/µ and mi is the rate at which alleles 
enter population i from population j). The model of secondary contact only included 
migration between extant populations (six migration parameters), whereas the 
ancestral migration model only included migration between the two gadwall 
populations and between the falcated duck and the ancestral gadwall population (four 
parameters). I converted migration rates into the number of effective migrants per 
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generation as θMij /2. Because IMa2 assumes no recombination within loci, I chose 
blocks of nucleotides consistent with no recombination that contained the maximum 
number of variable sites for each locus in IMgc (Woerner et al., 2007). I iteratively 
adjusted the chromosomal weighting so that a maximum of 5% of chromosomal 
copies were removed from the analysis. I ran IMa2 on this recombination-filtered, 
nineteen-locus data set for 2x10
7
 steps following a burn-in of one million steps using 
thirty markov chains (one hot and 29 cold chains). I replicated the analysis three 
times with different random number seeds to check for convergence.   
I also used the MCMC Bayesian method in the coalescent program LAMARC 
v2.1.6 (Kuhner, 2006) to jointly estimate recombination rates (r, where r = C/µ ,C is 
the rate of recombination per inter-site link per generation, and µ is the mutation rate 
per site) for each locus in falcated duck. I jointly estimated Θ (where Θ = 4Neµ, and 
Ne is the effective population size) and the exponential growth rate (g, where Θt = 
Θoexp
-gt
, and Θo is an index of the current Ne and Θt is an index of Ne at time t). I 
used the Felsenstein 84 model of substitution (ti:tv=2.5; the average ratio among 
loci) and ran the program for a burn-in of 2,000,000 generations, sampling every 
1,000 generations for a total of 20,000 samples. To verify the consistency of the 
estimates, I replicated the run with a different random number seed.  
Coalescent Simulations 
 
I simulated genetic diversity and differentiation in each population to assess the role 
of introgression in the among-locus heterogeneity in genetic diversity under the 
assumptions of neutrality. For these simulations, I followed the protocol described by 
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Peters et al. (2012c), which incorporated the demographic parameters estimated from 
isolation-with-migration models, recombination rates from the LAMARC analyses, 
and evolutionary substitution rates estimated from a comparison of eight deeply 
divergent taxa (obtained from Peters et al. 2012c). I simulated genetic diversity and 
differentiation under each of the three migration models: full migration, secondary 
contact, and ancestral migration. For each parameter, I randomly sampled 1000 
values from their respective posterior distributions so that uncertainty in these values 
was incorporated into the simulations.  
Simulations were conducted under an assumption of neutral population 
history in the program MS (Hudson, 2002). All parameters were scaled to Өf, and the 
parameters for CHD1z were scaled by a factor of 0.75 to reflect the difference in 
effective population size resulting from linkage to the sex-chromosome Z.  
Polymorphism data were simulated 1,000 times for each locus (each replicate had a 
slightly different population history as described above) under each of the three 
models (19,000 simulations per model). From each simulated data set, I calculated π, 
ΦST , and Tajima’s D in the program MS.output (Peters et al. 2012c). 
Goodness-of-fit test 
 
I performed a goodness-of-fit test to test the fit of the empirical data to the models of 
population history (Becquet and Przeworski, 2009; Peters et al., 2012c). For the 
population level goodness-of-fit tests, I compared empirical values of mean π and 
ΦST and their associated coefficients of variation (CV) with the expected values for a 
19-locus dataset obtained from the simulated data sets (1,000 values per model). I 
also compared locus-specific values of each parameter to determine whether any loci 
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were consistent outliers from model expectations. I rejected the null hypothesis of no 
difference between expected and empirical values if the empirical values were 
outside the 95% CI of expected values.  
RESULTS 
 
Genetic Variation and Population structure 
 
Sequence data from 19 non-coding loci revealed that heterogeneity in nucleotide 
diversity (π) for the falcated duck was similar to that observed in NW and  OW 
gadwall populations (Table 3.2 , S1). Overall, π in falcated duck (mean π = 0.0097, 
range =0.0002–0.0251) was similar to values observed in both OW (mean π = 
0.0091, range = 0.0001–0.0231) and NW (mean π = 0.0090, range = 0.0001–0.0243) 
gadwalls. Indeed, nucleotide diversity among the 19 loci in falcated ducks was 
significantly correlated with that in OW gadwalls (R2 = 0.88, df = 18, P = 3 x10-9) 
and NW gadwalls (R2 = 0.80, df = 18, P = 2x10-7). Average Tajima’s D was negative 
for each of the three populations (DFD = -0.52 + 0.97 StDev; DOW = -0.44 + 0.79 
StDev; DNW = -0.11 + 0.74 StDev). The index was significantly negative for four loci 
in falcated ducks (CRYAB, FAST, LDHB, GRIN1) and OW gadwalls (Sf3A2, ENO1, 
FAST, GRIN1) and for two loci in NW gadwalls (Sf3A2, GRIN1) (Table 3.2). 
Population pairwise comparisons indicated that the falcated duck is 
significantly differentiated from both gadwall populations (mean Φ ST (OW-FD) = 0.281, 
range = 0.035–0.965; mean ΦST (NW-FD) = 0.286, range = 0.032–0.901). Differentiation 
was significantly lower between OW and NW gadwal ls (ΦST (OW-NW) = 0.057, range = 
-0.014–0.184; t = 1.73, df = 18, P < 0.005). Falcated duck was more differentiated 
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from NW gadwalls than OW gadwalls in nine of the nineteen loci (Table 3.2, S1); 
however, these differences were not significant ( t = 1.73, df = 18, P = 0.8). 
Haplotype networks revealed that many polymorphisms were shared between 
falcated ducks and both gadwall populations in most of nuclear loci investigated; 
only CRYAB, LDHB and CHD1Z were consistent with reciprocal monophyly between 
the species (Fig. 3.2). On the other hand, NW and OW gadwalls shared 
polymorphisms in all nuclear markers. 
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Figure 3.2 Haplotype networks for the nineteen non-coding loci. Each circle 
represents a different allele and the area of each is proportional to allele frequencies. 
Branch lengths between alleles are proportional to the number of mutations.  
Figure 9 
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Table 3.1 Characteristics of the nineteen non-coding loci sequenced in the gadwalls 
and falcated ducks.  
1
 Locus abbreviations follow standards put forth by the chicken 
Gene nomenclature Committee (). 
2
 Chromosome location  within the chicken 
genome and the zebrafinch genome, respectively. ?=unknown. *p<0.05 
 
 
locus 
 
Abbreviations
1
 
 
Location2 
 
Introns 
# 
 
Length 
(bp) 
Chromo-helicase-DNA binding protein 
gene 1 
 
CHD1Z 
 
Z/Z 
 
19 
 
272 
Lactate dehyrogenase 1  
LDHB 
1/1A 3 470 
S-acyl fatty acid synthase thioesterase  
FAST 
2/2 2 305 
Ornithine decarboxylase  
ODC1 
3/3 5 276 
Fibrinogen beta chain  
                FGB  
4/4 7 350 
Serum amyloid A SAA 5/5 2 311 
Annexin A11 ANXA11 6/6 5 191 
Myostatin MSTN 7/7 2 238 
Sterol O-acyltransferase SOAT1 8/? 12 346 
Nucleolin NCL 9/9 12 262 
Lecithin-cholesterol acyltransferase LCAT ?/11 2 200 
Preproghrelin GHRL 12/? 3 332 
Glutamate receptor,ionotropic,N-methyl 
D aspirate I 
GRIN1  17/17 11 256 
Carboxypeptidase D CPD 19/19 9 161 
Phosphenolpyruvate carboxykinase PCK1 20/20 9 169 
Alpha enolase 1 ENO1 21/21 8 175 
Alpha-B crystallin CRYAB 24/24 1 276 
Growth hormone 1 GH1 27/? 3 363 
Splicing factor 3A subunit 2 Sf3A2 28/? 8 268 
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Table 5 
Table 3.2 Locus specific estimates of nucleotide diversity (π), genetic differentiation 
(ΦST) and Tajima’s D in each population of falcated duck (FD), old world gadwalls 
(OW), and new world gadwalls (NW). 
 
 π                   ΦST                      Tajimas’s D 
Locus π (FD) π(OW)  π(NW)  ΦST/FD-OW ΦST/FD-NW ΦST/OW-NW D (FD) D(OW) D(NW) 
GHRL 0.0251 0.0223 0.0194 0.195 0.251 0.184 0.905 0.028 0.338 
LCAT 0.0242 0.0239 0.0243 0.098 0.094 0.022 -0.052 1.052 0.640 
MSTN 0.0241 0.0222 0.0190 0.049 0.095 0.027 0.066 0.254 -0.375 
ODC1 0.0232 0.0142 0.0129 0.135 0.109 0.009 1.147 -1.152 -0.001 
NCL 0.0180 0.0204 0.0198 0.067 0.112 0.033 -0.546 -0.099 1.019 
CPD 0.0148 0.0187 0.0226 0.057 0.18 0.049 -0.462 0.577 1.072 
SAA 0.0142 0.0179 0.0150 0.227 0.156 0.057 0.790 -0.266 -0.004 
SOAT1 0.0085 0.0072 0.0072 0.141 0.14 -0.014 -0.056 0.337 1.095 
FAST 0.0063 0.0028 0.0025 0.372 0.31 0.03 -1.592* -1.599* -0.723 
ANXA
11 
0.0047 0.0034 0.0051 0.389 0.194 0.152 -1.355 -0.056 -0.277 
ENO1 0.0045 0.0041 0.0068 0.035 0.116 0.088 -1.386 -1.776* -0.280 
CHD1
Z 
0.0045 0.0022 0.0006 0.647 0.719 0.038        -
1.274 
-1.101 -0.238 
GRIN1 0.0032 0.0001 0.0007 0.039 0.032 0.013 -1.868* -1.102* -1.459* 
GH1 0.002 0.0022 0.0014 0.617 0.702 0.005 -0.330 -0.190 -0.469 
FGB 0.0021 0.0073 0.0080 0.148 0.193 0.036 0.059 -0.333 -0.282 
PCK1 0.0015 0.0026 0.0023 0.172 0.124 -0.009 -1.412 0.019 -0.224 
Sf3A2 0.0012 0.0007 0.0001 0.079 0.162 0.081 0.623 -1.764* -1.102* 
CRYA
B 
0.0007 0.0010 0.0019 0.917 0.861 0.147 -1.764* -0.642 0.362 
LDHB 0.0002 0.0002 0.0011 0.965 0.901 0.142 -1.482* -0.650 -1.267 
 
Demographic History, Migration, and Divergence 
 
The three-population model with all migration parameters in IMa2 showed a finite 
posterior distribution for most of the demographic parameters (Fig.3.3, Table 3.3). In 
this model, θFD was the largest among all θ parameters (θFD = 2.1, 95% HPD= 1.6–
2.9). There was no overlap in the 95% HPD between θFD and θNW, which had the 
smallest population size (θNW = 0.61, 95% HPD = 0.26–0.93). On the other hand, θOW 
was intermediate (θOW =1.10, 95% HPD = 0.63–2.06) with 95% HPDs that 
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overlapped both θFD and θNW. The ancestral population of gadwalls (θ A0) was smaller 
than either NW or OW gadwall population  (θA0 = 0.35, 95% HPD= 0.01–4.6), 
whereas the ancestral population of gadwall and falcated duck (θ A1 = 0.66, 95% 
HPD= 0.14–1.40) was similar to that of NW gadwalls but smaller than OW gadwall 
and falcated duck. Thus, the model suggested population expansions for all three 
populations following divergence. Similar values of θ were obtained from both the 
secondary-contact and the ancestral migration models (Table 3.4 & 3.5; Fig. 3.3). 
However, analyses of population size changes in falcated ducks obtained from 
LAMARC were consistent with a stable population size (g = -0.976, 95% CI = -8.8–
37.2). 
In the full migration model, the rates of introgression from OW and NW 
gadwall populations into the falcated duck (forward in time) did not vary 
considerably and peaked at the lowest value of <0.025 migrants per generation (95% 
HPD = 0–0.62 and 0–0.57, respectively; Table 3.3, Fig. 3.4a). Thus, the model was 
consistent with little to no introgression from gadwalls into falcated ducks. Similarly, 
the introgression rate from falcated ducks into OW gadwalls peaked near zero 
(MFD

OW <0.025 migrants per generation, 95% HPD = 0–0.82). However, gene flow 
from falcated ducks into NW gadwalls was low, but non-zero (MFD

NW = 0.78 
migrants per generation, 95% HPD = 0.07–1.82). Likewise, estimates of gene flow 
between the ancestral populations in the full model suggested asymmetrical gene 
flow with higher migration rates from the falcated duck into the ancestral gadwall 
population, although confidence intervals were large and I could not reject the 
possibility of no gene flow (MFD

A = 1.6 migrants per generation, HPD 95% = 0–50; 
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MA

FD = 0.025 migrants per generation, HPD 95% = 0–46). The model also 
supported asymmetrical gene flow between the two gadwall populations with higher 
gene flow into the OW population (MNW

OW = 20 migrants per generation, HPD 95% 
= 0–32; MOW

NW = 2.0 migrants per generation, HPD 95% = 0–35); however the 
posterior distribution was bimodal in both directions and the minor peak for 
MNW

OW was consistent with no gene flow.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Posterior distributions of demographic parameters estimated in IMa2 
(scaled to the neutral mutation rate) estimated under three migration models: full 
migration (a,d), secondary contact (b,e), and ancestral migration (c,f,); a,b,c) 
effective population sizes of the falcated duck, OW gadwall, NW gadwall and 
ancestral populations; def) Time since divergence between the falcated duck and 
gadwall and between OW and NW gadwalls.  
Figure 10 
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Figure 3.4 Posterior distributions of migration rates estimated in IMa2 in three 
migration models: full migration, secondary contact, and ancestral migration; a,d,g) 
interspecific migration rates between falcated duck and gadwall populations; b,e,h) 
migration estimates between the OW and NW gadwall populations; c,f,i) migration 
estimates between the falcated duck and ancestral population.  
Figure 11 
These estimates of migration rates were similar in the model of recent, 
secondary contact (no ancestral gene flow; Table 3.4, Fig.3. 4d, e, f). Moreover, the 
posterior distribution of MNW

OW was bimodal, but the minor peak was much smaller 
than in the full model. . In contrast, all the estimates of migration rates had unimodal 
distributions in the ancestral migration model (Fig.3.4g, h, i, Table 3.5). There was 
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clear evidence of gene flow from the falcated duck into the ancestral gadwall 
population (MFD

A1 = 2.6 migrants per generation, HPD 95% = 0.69–9.2), but the 
posterior distribution was most consistent with zero gene flow in the opposite 
direction (MA1

FD= 0.025 migrants per generation, HPD 95% = 0–10). Similarly, the 
model estimated asymmetrical gene flow between the gadwall populations with 
greater introgression from the OW into the NW gadwall population (MNW

OW = 1.7 
migrants per generation, HPD 95% = 0–11; MOW

NW = 11 migrants per generation, 
HPD 95% = 0.09–34), which was the reverse direction compared to the full 
migration model and the secondary-contact model. 
The estimates of time since divergence between the falcated duck and 
ancestral gadwall and the two gadwall populations peaked at different points in the 
full model (Fig. 3. 3, Table 3.3). The model supported a deep divergence between the 
gadwall and falcated duck (t1= 0.42, HPD 95% = 0.25-1.6), but only a slightly more 
recent divergence between OW and NW gadwall (t0= 0.35, HPD 95% = 0.03–0.55). 
However, the posterior distribution of divergence time between OW and NW 
gadwalls was bimodal with a minor peak that was substantially more recent.  In the 
secondary-contact model, t1 was similar to the full model, but t0 showed a broad 
posterior distribution that encompassed both peaks from the full model (Fig. 3.2b; 
Table 3.4). In the ancestral migration model, t0 was more recent and consistent with 
the minor peak in the full model (t0= 0.06, HPD 95% = 0.02–0.11), whereas t1 was 
similar to the previous two models. Unlike the previous models, there was no overlap 
in the two divergence time estimates (Fig. 3.3c, Table 3.5), and t0 was similar to the 
estimate obtained from the two-population model examined in Peters et al. (2012c).  
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Table 3.3 Demographic parameters estimated from the three population isolation -
with-migration model in the IMa2 
 
Table 6 
 
Table 3.4: Demographic parameters estimated from the three -population model with 
recent migration in the IMa2. 
t, Time since divergence 
 
θ = Effective population size 
                                           θ=4Neµ 
Falcated 
duck & 
Gadwalls 
OW & NW     
gadwalls 
Falcated 
duck, θFD 
OW 
gadwall 
θOW 
NW 
gadwall 
θNW 
Ancestral 
(OW-NW) 
θA1 
Ancestral 
(Falcated-
gadwall) 
θA2 
       0.39 
(0.25-0.57) 
 
0.11 
(0.03-0.45) 
 
2.22 
(1.64-
2.98) 
 
1.24 
(0.71-
2.32) 
 
0.52 
(0.23-
0.87) 
 
0.75 
(0.06-
4.47) 
 
0.71 
(0.36-
1.18) 
 
                                                        Introgression, M (forward in coalescence) 
MOW

FD 
 
MFD

OW MNW

FD MFD

NW MNW

OW MOW

NW MFD

A1 MA1

FD 
 
0.02 
(0-0.67) 
 
 
0.02 
(0-0.77) 
 
0.02 
(0-0.62) 
 
0.87 
(0.22-
2.32) 
 
20 
(0-30) 
 
0.17 
(0-32) 
 
- - 
 
Table 7 
  
t, Time since divergence 
 
θ = Effective population size 
                                           θ=4Neµ 
Falcated 
duck & 
Gadwalls 
OW & NW     
gadwalls 
Falcated 
duck,θFD 
OW 
gadwall 
θOW 
NW 
gadwall 
θNW 
Ancestral 
(OW-NW) 
θA1 
Ancestral 
(Falcated-
gadwall) 
θA2 
 
0.42 
(0.25-1.59) 
 
 
0.35 
(0.03-0.55) 
 
2.18 
(1.60-2.91) 
1.10 
(0.62-2.06) 
0.61 
(0.26-0.93) 
0.35 
(0.01-4.65) 
0.66 
(0.14-1.40) 
                                     Introgression, M (forward in coalescence) 
MOW

FD 
 
MFD

OW MNW

FD MFD

NW MNW

OW MOW

NW MA1

FD MFD

A1 
 
0.02 
(0-0.62) 
 
0.02 
(0-0.82) 
0.02 
(0-0.57) 
  0.77 
(0.07-
1.82) 
20.02 
(0-32.52) 
1.97 
(0-35.73) 
0.02 
(0-46.42) 
1.67 
(0-50) 
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Table 3.5 Demographic parameters estimated from the three -population model with 
ancestral migration in the IMa2. 
 
t, Time since divergence 
 
θ = Effective population size 
                                           θ=4Neµ 
Falcated 
duck & 
Gadwalls 
OW & NW     
gadwalls 
Falcated 
duck 
θFD 
OW 
gadwall 
θOW 
NW 
gadwall 
θNW 
Ancestral 
(OW-NW) 
θA1 
Ancestral 
(Falcated-
gadwall) 
θA2 
0.409 
(0.26-0.73) 
 
0.06 
(0.02-0.11) 
 
2.35 
(1.75-3.10) 
 
1.92 
(1.11-3.33) 
 
0.61 
(0.24-1.19) 
 
0.45 
(0.15-0.89) 
 
0.61 
(0.20-1.11) 
 
                                                   Introgression, M (back in coalescence) 
MFD

OW 
 
MOW

FD MFD

NW MNW

FD MNW

OW MOW

NW MA1

FD MFD

A1 
- - - -     1.71 
(0-11.07) 
 
    11.13 
(0.09-34.47) 
 
   0.03 
(0-9.99) 
    2.55 
(0.69-9.21) 
        
 
Simulated Models of Population History 
 
To test the role of introgression in among-locus heterogeneity, I simulated DNA 
sequences using the parameters estimated from the three models of demographic 
history and selective neutrality. Simulations under all the three models under-
predicted mean π within each population and mean ΦST between the falcated duck 
and each gadwall population (Fig. 3.5). Furthermore, empirical values of π and ΦST 
were consistently within the 95% confidence intervals of the simulated values under 
the full migration model only. Mean π was significantly higher than expected for all 
three populations under the secondary-contact and ancestral-migration models, and 
ΦST was significantly greater than expected under secondary contact. In contrast, 
there was higher-than-expected heterogeneity (coefficients of variation) in the data 
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for all parameters, except ΦST between OW and NW gadwalls, for all three migration 
models (Fig. 3.5c, d). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Empirical and simulated values of mean a) nucleotide diversity for the 
nineteen locus data for each population b) ΦST between each population pair for three 
migration models. Empirical and simulated values of coefficients of variation for c) 
nucleotide diversity in falcated ducks, OW gadwall, and NW gadwall, and d) ΦST 
between each population pair under three migration models.  Black circles, triangles 
and squares represent the simulated values for the full migration model, secondary 
contact, and ancestral migration model, respectively; the horizontal bars show the 
empirical values. 
Figure 12 
Locus-specific goodness-of-fit tests revealed that 13 of the 19 loci had either 
significantly greater (GHRL, MSTN, LCAT, ODC1 NCL, SAA and CPD) or lower 
diversity (CRYAB, Sf3A2, FGB, LDH1, GRIN, CHD1z) than expected for at least one 
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population (Fig. 3.6). Nucleotide diversity for four loci (GHRL, LCAT, LDHB and 
MSTN) consistently differed from expectations under the neutral models in both taxa 
and all three models (Fig. 3.6). Similarly, locus-specific tests for ΦST between 
falcated duck and gadwall revealed four loci (CRYAB, CHD1z, GH1 and LDHB) in 
which the empirical levels of differentiation deviated significantly from the 
simulated values (Fig. 3.7). At all four loci, the empirical values of ΦST were greater 
than expected for both population pairs. However, empirical values of ΦST between 
the two gadwall populations were within the simulated values for all 19 loci.  
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Figure 3.6 Locus-specific goodness of fit tests for nucleotide diversity in the 
falcated duck(FD), OW gadwall, and NW gadwall under three migration models: full 
migration model (a,b,c), secondary contact (d,e,f), and ancestral migration (g,h,i). 
Open symbols mark the empirical data; filled symbols mark the expected values (and 
the 95% confidence interval) under each model.  
 
 
 
 
 
 
 
Figure 13 
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Figure 3.7 Locus-specific goodness-of-fit tests for mean ΦST between each 
population pair under the full migration model (a,b,c), secondary contact (d,e,f), and 
ancestral migration (g,h,i). Open symbols mark the empirical data; filled symbols 
mark the expected values (and the 95% confidence interval) under each mod el.  
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DISCUSSION 
 
Among-locus heterogeneity in genetic diversity can be a function of a complex 
demography, selection or a combination of these. Peters et al. (2012c) found that 
either introgression or selection could explain the observed heterogeneity in gadwall. 
However, their estimates of interspecific gene flow were obtained from only three 
loci, the mtDNA control region, CHD1Z, and LDHB (Peters et al., 2007). Using this 
more comprehensive data set for falcated ducks, I was able to reject introgression as 
causing the observed among-locus heterogeneity. Furthermore, my results revealed 
lower-than-expected nucleotide diversity for LDHB and higher -than-expected 
differentiation at both LDHB and CHD1Z, which combined with regular selective 
sweeps in mtDNA (Ballard and Whitlock, 2003; Hurst and Jiggins, 2005; Galtier et 
al., 2009), likely misled the results from Peters et al. (2007, 2012c). In addition, I 
found that nucleotide diversity in the falcated duck also varied over 100 -fold among 
the 19 loci, yet I found no evidence of DNA introgression from gadwall into falcated 
duck. Furthermore, differentiation between the falcated duck and the gadwall varied 
more than 20-fold among the sequenced loci. In both cases, heterogeneity  was greater 
than expected under the inferred neutral models. Various lines of evidence suggest 
the influence of selection, rather than hybridization, as a better explanation for the 
among-locus heterogeneity observed in both taxa. 
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Deviations from the Models 
 
Coalescent analyses of nuDNA supported introgression either from falcated duck 
into allopatric NW gadwall or from falcated ducks into the ancestral gadwall 
population but not into sympatric OW gadwalls. Previous mtDNA analysis also 
revealed this direction of gene flow and evidence for ancient introgression into NW 
gadwalls, although ongoing gene flow could not be rejected in sympatry (Peters et 
al., 2007). In this sense, analyses of mtDNA and nuDNA provide concordant results 
suggesting that NW gadwalls harbor a significant proportion of falcated duck DNA 
within their gene pool. Whatever the true scenario might be (ancient or ongoing gene 
flow), introgression fails to account for among-locus heterogeneity in genetic 
diversity in the taxa for several reasons.  
First, the goodness-of-fit tests revealed a poor fit between empirical data and 
the neutral models of demographic history under all three migration scenarios. 
Specifically, the empirical coefficients of variation for diversity and interspecific 
differentiation failed to fit within the expected simulated values under all three 
models (Fig. 3.5). Similarly, several loci had values of genetic diversity and 
differentiation that deviated significantly from the expected values under all three 
neutral models (Fig. 3.6, 3.7). Secondly, the stochasticity of mutation and drift is 
unlikely to explain this high heterogeneity as the tested models incorporated the 
variance in these evolutionary forces. Locus-specific mutation rates estimated from 
independent data were also included in the simulations, and the uncertainty in 
coalescent estimates of population-level parameters was also incorporated. Given the 
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amount of noise included in the simulated models, the deviations from the expected 
patterns are particularly striking. 
Thirdly,  genetic variation in nuDNA is expected to reflect the species 
abundance and distributions (Frankham, 1996; Bazin et al., 2006; Mccusker and 
Bentzen, 2010), and therefore, I expected the smaller population of falcated duck 
(estimated census size of 90,000 individuals; Cao et al., 2008) to have lower 
diversity than the more abundant Holarctic gadwall (>3,000,000 individuals; Delany 
and Scott, 2006). However, despite the thirty-times smaller population size of 
falcated ducks relative to gadwalls, the two species had similar genetic diversity, and 
the falcated duck had the largest effective population size in all three models. A large 
historical population size in the falcated duck followed by a population decline could 
be one possible explanation for the observed deviation. However, analyses of 
population size changes were consistent with falcated ducks having a stable 
population size, and there was no evidence of a major population decline. 
Alternatively, a much smaller ancestral population size for gadwalls followed by a 
population expansion could explain this deviation, which is supported by coalescent 
analyses (Peters et al. 2008, 2012c). Regardless, this deviation from expectations 
questions the relative roles of genetic drift, introgression, and selection, all three of 
which might have contributed to the level of diversity observed in falcated ducks. 
The large effective population size estimated in the falcated duck relative to the 
gadwall, the lack of evidence of gene flow into falcated duck from any of the 
gadwall populations, and a lack of evidence suggesting a major population decline in 
falcated ducks, suggest that selection might be playing an important role.  
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Locus-specific deviations 
The available evidence suggests that selection is a strong candidate for the cause of 
at least some of the among-locus heterogeneity in these taxa. I propose two markers 
(CRYAB and LDHB) as candidate loci under strong positive selection for their 
exceptional patterns. Both loci have lower genetic diversity than predicted for both 
gadwall populations and falcated ducks. CRYAB and LDHB are also more strongly 
differentiated between falcated ducks and gadwalls than predicted and among the 
most differentiated loci between the two gadwall populations. These loci were also 
more differentiated, relative to other loci, between populations of other species of 
ducks (CRYAB and LDHB in green-wing teal Anas crecca and CRYAB in common 
merganser Mergus merganser; Peters et al., 2012 a, b)].  
LDHB, the locus with the lowest diversity and the highest divergence, 
appeared consistently as an outlier in sixteen of eighteen sets of simulated data under 
all three models of population history. All three models over-predicted the diversity 
for this locus in all three populations and under-predicted the divergence between 
falcated ducks and gadwalls. LDHB was the only locus among the nineteen loci that 
never conformed to neutral expectations. Also, the near star-like pattern of the 
network topology and a significantly negative Tajima’s D are consistent with 
positive selection that may have increased the levels of genetic differentiation among 
populations (Tajima, 1989; Galtier et al., 2000). Functionally, the gene is expressed 
both in the heart of ducks and in the eyes as lens structural proteins (ε - crystalline; 
Hendriks, 1988) and there is evidence of adaptive evolutionary changes occurring in 
the sequence of LDHB (Crawford and Powers, 1989; Kraft et al., 1994). For 
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example, the presence or absence of repressor elements in the regulatory sequence of 
LDHB is responsible for the adaptive difference in LDHB transcription between 
northern and southern populations of Fundulus. heteroclitu (Schulter, 2000). The 
high divergence of the locus and its association with adaptive evolution in other 
species supports the proposed hypothesis of non-neutrality at this locus.  
CRYAB, also a low diversity locus with high differentiation, also failed to fit 
with the expected values under neutrality in several tests. A significant excess of rare 
polymorphisms and a star like pattern in the haplotype network topology support the 
possibility of positive selection/selective sweep at this locus. The evolutionary 
trajectory of this gene, which codes for eye-lens crystallins, varies between 
mammalian and avian taxa. In contrast to the high conservation of the gene among 
mammals, only a few blocks of the gene are conserved in birds.  For example, the 
duck CRYAB homologues have lost the heat shock response seen in mammalian 
homologues (Wistow and Grahm, 1995). This partial conservation of gene elements 
in ducks and the variability in heat-shock response suggest taxon-specific patterns of 
expression. It is intriguing that both CRYAB and LDHB are expressed in eye -lens 
crystallins and both deviate from neutral expectations.  
Genetic hitchhiking can influence nucleotide diversity of non-coding loci and 
potentially maintain the high diversity of non-coding regions (several times that of 
neutral loci), when these regions are in linkage disequilibrium with a coding region 
under balancing selection (Smith and Haigh, 1974; Orengo and Aguade, 2004). 
Alternatively, hitchhiking can cause reduced variation in non-coding DNA linked to 
loci subjected to selective sweeps (Kaplan et al., 1989). Thus, elevated or reduced 
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diversity in non-coding regions might not necessarily be due to selection acting 
directly on components of the introns, but rather a result of strong linkage to coding 
regions that are the targets of selection. Hitchhiking depends upon the recombination 
rate and the distance from the target of selection (Maynard-Smith and Haigh, 1974). 
However, hitchhiking could be prominent in the non-coding loci with lower 
recombination rates. The major outlier loci, CRYAB and LDHB, in falcated ducks 
and gadwalls were both consistent with no intra-locus recombination ( Peters et al., 
2012c). Therefore, selection on the coding regions of these loci coupled with 
hitchhiking could explain the inferred non-neutrality that was detected. 
Kraus et al. (2011) suggested that hybridization among more divergent 
species of Anas ducks likely explained the high number of polymorphisms shared 
among species. Our models do not account for the possibility of gene flow with these 
additional species, and it is possible that this confounding variable could explain 
much of the heterogeneity that I observed. In particular, the high diversity loci might 
reflect broad introgression. However, broad-scale hybridization cannot fully account 
for the low diversity found at some loci without the combined effects of selection 
preventing the introgression of alleles at those loci. Thus, complete neutrality is 
unlikely even under this more complex population history.  
Differential Introgression, divergent selection, and demography 
 
Heterogeneity in genetic divergence across the genome of divergent taxa is expected 
under divergent selection. The counteraction between introgression and divergent 
selection prevents complete homogenization of genomes when divergent selection 
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restricts gene flow at some loci. Therefore, these loci can have higher genetic 
differentiation than neutral loci (Saint-Laurent et al., 2003; Emilianov et al., 2004; 
McCracken et al. 2009; Nosil et al., 2009; McCracken and Wilson, 2011). In 
accordance with the predictions of differential introgression caused by divergent 
selection, this study detected several outlier loci that exhibited higher genetic 
differentiation than expected under neutrality (Fig. 3.7). The same outlier loci were 
observed under all the three models of introgression. Despite evidence of 
introgression from falcated duck into the NW gadwall population and strong support 
for zero gene flow between falcated duck and the OW gadwall population, the same 
four loci were detected as outliers in both comparisons. On the other hand, Φ ST of 
these loci was consistent with expectations under neutrality between OW and NW 
gadwalls, suggesting inter-specific selective pressures. In particular, the sex-linked 
locus CHD1Z was consistently an outlier and empirical data from numerous taxa 
suggest that the Z-chromosome is often less likely to introgress than autosomal 
chromosomes (Carling and Brumfield, 2008, 2009; Storchova et al., 2010) 
 
I found evidence of higher nuDNA introgression in allopatry, which was 
consistent with patterns observed in mtDNA (Peters et al., 2007). Infrequent 
sightings of male falcated ducks in NorthAmerica 
(http://www.fws.gov/sacramentovalleyrefuges/wo_sightings.html) raises the 
speculation of ongoing gene flow between falcated duck and NW gadwalls in 
accordance with Hubb’s Principle or Desperation hypothesis, which predicts 
hybridization when one species is rare in sympatry. Absence of conspecifics and 
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restricted mate choice in North America could cause these rare Asian visitors to 
hybridize with the more abundant gadwalls, as has been demonstrated in other 
species of ducks (McCracken and Wilson, 2011). Alternatively, the introgression of 
falcated duck genes into NW gadwalls could be explained by ancient introgression 
(Peters et al., 2007). Genetic evidence suggests that the gadwall colonized North 
America from Eurasia during the late Pleistocene (Peters et al., 2008). If a falcated 
duck or a hybrid was among the original founders, then it could have had a large 
genetic contribution to the extant gene pool. The observation that some mtDNA 
haplotypes in NW gadwall were similar to, but not shared with, falcated duck 
haplotypes is consistent with this scenario (Peters et al., 2007). Furthermore, our 
model that allowed only ancient introgression converged better than the other 
migration models, suggesting that it might be a more appropriate model. 
Unfortunately, distinguishing between ancient gene flow and secondary contact can 
be difficult with genetic data (Becquet and Perzeworski, 2010; Strasberg and 
Rieseberg, 2010) preventing conclusive tests of these hypotheses.  
Conclusion 
 
I conclude that gene flow between falcated ducks and gadwalls fails to explain the 
heterogeneity in genetic diversity and differentiation under various models of 
demographic history. Simulating models of introgression under neutrality failed to 
explain the high empirical diversity for some loci (GHRL, LCAT and MSTN) and 
lower empirical diversity observed for other loci (LDHB and GRIN1). Inter-
specifically, CRYAB and LDHB were strong outliers with exceptionally greater Φ ST, 
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and these two loci are among the most structured intraspecifically. I suggest CRYAB 
and LDHB as strong candidate loci under positive selection, perhaps resulting from 
low recombination and high linkage disequilibrium with polymorphisms in coding 
regions. Selection might also have had a major effect on the other loci, thereby 
contributing to the strong among-locus heterogeneity in genetic diversity and 
differentiation. 
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